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FOREWORD 


This  report  is  a  composite  collection  of  four  Phase  I  Small  Business  Innovative 
Research  final  reports.  This  work  was  conducted  under  contracts  N60921-86-C- 
A457,  N60921-88-C-0058,  N60921-86-C-0274,  and  N60921-88-C-0057. 
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INTRODUCTION 


This  report  is  a  composite  collection  of  four  Phase  I  Small  Business  Innovative 
Research  (SBIR)  final  reports  on  the  development  of  lithium  battery  technologies. 
Although  these  studies  were  not  fortunate  to  transition  to  a  Phase  El  program,  the 
work  is  unique  and  worthy  of  acknowledgment  by  the  scientific  community.  An 
outline  oi  the  reports  follow: 
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1 .0  IDENTIFICATION  AND  SIGNIFICANCE  OF  THE  OPPORTUNITY 
1  . 1  Problem  Addressed 


Much  attention  has  been  given  to  the  development  of  a  rechargeable 
lithium  battery  for  military  applications  because  of  its  high  expected 
energy  density.  Despite  the  attention,  a  practical  rechargeable  bat¬ 
tery  capable  of  operation  over  the  full  military  temperature  range 
(~40°C  to  +7l°C)  has  not  been  developed.  One  of  the  practical  problems 
encountered  has  been  maintenance  of  good  cycle  life  and/o"  energy  den¬ 
sity  of  the  cell  especially  at  reduced  temperatures. 

The  cycle  life  of  the  lithium  anode  in  electrolytes  based  on 
LiC10« /I ,3-dioxolane  or  2-methy 1 -tetrahydrof uran  (2-He-THF)  has  been 
reported  as  high  (1)  but  these  two  preferred  electrolytes  are  of  lim¬ 
ited  utility  either  because  of  safety  (cell  detonation  with 
Li  Cl 0« / 1 , 3-d 1 oxo 1 ane )  or  because  of  poor  rate  capability  at  low  tem¬ 
peratures.  Improved  electrolytes  have  been  developed  which  are  blends 
of  2-Me-THF  and  THF  with  low  levels  of  2-methyl  furan;  this  blend  has 
been  reported  to  provide  cells  with  improved  cycle  life  and  only  50X 
loss  in  capacity  on  discharge  at  2  mA/cm2  at  -20°C  (2).  However,  this 
blend  does  not  provide  significant  (less  than  2%  of  RT)  cell  discharge 
capacity  at  -40°C  even  at  0.5  mA/cm2 ,  and  thus  is  not  a  satisfactory 
electrolyte  for  multipurpose  cells. 

In  previous  work,  ECO  studied  the  performance  of  secondary  lithium 
cells  with  an  electrolyte  blend  of  a  cyclic  ether  (e.g.,  2-Me-THF  or 
1 ,3-dioxolane)  and  an  alkyi  urea.  Laboratory  cells  which  use  these 
electrolyte  blends  with  cathodes  prepared  with  Vulcan  XC-72  and  PTFE 
were  shown  capable  of  providing  a  factor  of  ten  increase  in  discharge 
capacity  at  0.2  mA/cm2  and  -40°C  compared  to  cells  with  the  2-Me- 
THF/THF/2-Me-F  blend  (3).  Based  on  the  data  reported  herein  obtained 
in  a  Phase  I  SBIR  program,  ECO  has  identified  a  new  cathode  composi¬ 
tion/mixed  solvent  electrolyte  combination  which  provides  a  lithium 
secondary  cell  with  good  cycle  life,  excellent  high  rate  performance, 
and  significant  discharge  capacity  at  -40oC  even  at  rates  of  2  mA/cm2. 
Ij'  addition  to  the  work  planned  for  Phase  I,  ECO  developed  and  imple¬ 
mented  a  design  for  a  spirally  wound  electrode  for  a  AA-size  cell; 
data  on  hermetic  AA-size  cell  performance  with  this  spirally  wound 
electrode  were  obtained  at  rates  of  1  -  8  mA/cm2  (50  to  400  mA)  at 
temperatures  of  -40°  to  71°C.  Vh 1 1 e  this  design  is  still  unoptimized, 
the  results  obtained  in  this  Phase  I  program  indicate  the  technical 
feasibility  of  incorporating  the  program  results  in  a  lithium  second¬ 
ary  cell  to  provide  an  energy-dense,  multipurpose  secondary  cell  capa¬ 
ble  of  high  rate  performance  over  a  broad  temperature  range.  In  its 
final  design,  this  cell  type  will  be  of  interest  in  both  military  and 
non-military  applications;  it  will  have  commercial  potential  as  a 
viable  product  as  desired  under  the  SBIR  program. 

1 . 2  Phase  I  Research  Goals 


The  goal  of  this  Phase  I  program  was  to  evaluate  selected  electro¬ 
lytes  containing  solvent  mixtures  for  L1/T1S2  cells  and  to  demonstrate 
that  these  mixed-solvent  electrolytes  support  improved  high-rate  low- 
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temperature  (-40°C)  cell  performance  and  cycle  life.  The  electrolyte 
mixtures  to  be  studied  contain  a  cyclic  ether  and  a  co-solvent  such  as 
an  alkyl  urea  or  a  straight-chain  ether.  The  function  of  the  co¬ 
solvent  is  to  interact  both  with  the  cyclic  ether  to  enhance  its 
resistance  to  carbon-oxygen  bond  cleavage,  and  with  the  solvated  lith¬ 
ium  species  to  prevent  it  from  further  reacting  with  the  charge- 
activated  carbon-oxygen  bond. 

In  this  Phase  I  study,  emphasis  was  placed  on  characterization  of 
electrolyte  chemical  stability  and  of  anode  surface  layer  parameters 
in  order  to  understand  why  an  electrolyte  containing  a  mixture  of  a 
cyclic  ether  and  a  co-solvent  provides  an  improved  electrolyte. 

In  addition,  during  the  Phase  I  program  ECO  evaluated  the  performance 
of  hermetic  AA-size  lithium  secondary  cells  which  contain  a  mixed- 
solvent  electrolyte,  and  demonstrated  that  the  operational  temperature 
range,  rate  capability  and  cycle  life  of  such  cells  is  increased. 

The  rechargeable  lithium  battery  has  been  considered  as  the 
desired  alternative  to  a  number  of  primary  and  secondary  batteries  in 
a  number  of  peacetime  applications  (i.e.,  portable  communication 
devices,  undersea  instrumentation  packages,  radio  control  devices  for 
robots,  etc.).  However,  the  minimum  practical  cathode  energy  density 
goal  for  commercial  or  military  market  penetration  by  a  lithium  sec¬ 
ondary  battery  has  been  described  by  Brummer  (1)  as  165  W-hr/kg  (75 
V-hr/lb)  at  C/3  or  200  V-hr/kg  (90  V-hr/lb)  at  C/10,  and  this  level 
has  not  as  yet  been  reached  in  a  practical  cell  after  many  years  of 
research.  An  objective  of  the  Phase  I  program  was  to  demonstrate  the 
technical  feasibility  of  reaching  this  cathode  energy  density  in  a 
practical  cell  through  proper  combination  of  cathode  materials  and 
electrolyte  components. 

In  Phase  I,  the  specific  technical  objective  is  to  demonstrate  the 
utility  of  an  electrolyte  composed  of  a  mixture  of  a  cyclic  ether  and 
a  co-solvent  such  as  an  alkyl  urea.  As  listed  in  the  Phase  I  proposal, 
the  Phase  I  research  program  attempted  to  answer  the  following  ques¬ 
tions: 

1.  Vhat  is  the  temperature  range  of  performance  at  2  mA/cm2  of 
lithium  secondary  cells  with  a  cyclic  ether-alkyl  urea  based  electro- 
1  yte? 

2.  How  do  anode  surface  characteristics  vary  as  a  function  of 
cycle  life  in  the  mixed  solvent  electrolyte? 

3.  Is  the  mixed  solvent  electrolyte  chemically  stable  on  extended 
cycling  over  a  broad  temperature  range  and  in  deep  discharge? 

4.  Do  cell  performance  levels  observed  justify  continued  work  on 
cells  with  the  mixed  solvent  electrolyte? 

Provided  in  the  following  sections  is  a  description  of  the  methods 
used  and  the  results  obtained  in  the  Phase  I  program,  and  specific 
answers  to  the  questions  listed  above  are  provided  in  Section  5.  In 
general,  the  results  obtained  were  all  positive  in  that  an  electro- 
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lyte/cathode  material  combination  was  identified  which  is  chemically 
stable  on  extended  cycling,  and  which  supports  high-rate  cell  perfor¬ 
mance  over  a  broad  temperature  range.  In  addition  to  achieving  the 
planned  goals  of  Phase  I,  a  spirally  wound  electrode  design  was  devel¬ 
oped  and  its  use  demonstrated  in  hermetic  AA-size  cells.  The  techni¬ 
cal  feasibility  of  the  application  of  this  electrode  design  with  the 
program-developed  electrolyte/cathode  material  combination  was  demon¬ 
strated  and,  based  upon  the  results  obtained,  the  feasibility  of 
developing  a  useful  high-rate  secondary  cell  with  broad  temperature 
capability  verified. 

2.0  PREVIOUS  WORK 

2 . 1  Electrolyte  Degradation  Reactions 

Electrolytes  which  have  been  considered  the  electrolytes  of  choice 
for  lithium  secondary  batteries  are  based  on  the  use  of 
Li C10< / 1 , 3-di oxo 1 ane  cr  of  L iAsF« /2-Me-THF .  Ether-based  polar  organic 
solvents  are,  in  general,  preferred  because  they  have  enhanced  lithium 
solute  solvation  properties.  However,  the  resulting  electrolytes  suf¬ 
fer  due  to  chemical  degradation  reactions  on  standing  or  in  cell  cyc¬ 
ling.  An  extreme  example  is  the  reported  detonation  of  cycled  cells 
with  L- C 1 O4 / 1 . 3-d l oxo 1 ane  electrolytes. 

In  a  recently  published  study  of  the  chemical  and  electrochemical 
degradation  reactions  of  2-Me-THF  on  lithium.  Kerr  (4)  identified  two 
degradation  mechanisms.  Chemical  degradation  of  the  cyclic  ether 
apparently  proceeds,  after  homolytic  cleavage  of  the  lithium-polarized 
carbon/oxvgen  bond,  by  further  reaction  of  the  secondary  radical  with 
lithium  (e.g.,  2-pentano!  formation  after  hydrolysis).  The  secondary 
radical  is  apparently  more  stable  than  the  primary  radical,  which 
apparently  is  in  equilibrium  with  the  polarized  cyclic  ether.  However, 
when  a  solvated  lithium  atom  is  present,  as  would  be  the  case  at  the 
anode  surface  on  charging,  the  rate  of  reaction  of  this  atom  with  the 
primary  radical  is  apparently  fast,  and  thus  the  major  degradation 
product  after  hydrolysis  is  l-pentanol.  This  report  demonstrated  the 
importance  of  considering  the  electrolyte  degradation  reactions  in  a 
lithium  secondary  cell  as  being  e 1 ec t rochemi ca 1 1 y  mediated;  studies  of 
electrolyte  stability  must  thus  be  carried  out  in  practical  cells. 

Abraham  et  a  1 .  ,  described  an  electrolyte  blend  based  on  LiAsF*/ 
2-Me-THF  which  contains  a  furan  (2-Me-F);  the  advantage  of  the  addi¬ 
tion  of  the  furan  was  a  significant  increase  in  cell  cycle  life  (2). 
The  level  of  addition  of  this  furan  is  somewhat  critical  given  that, 
Kerr  observed  that  a  4  v/o  (4  mmoles/A-hr  Li )  addition  in  a  half-cell 
test  significantly  reduced  cycle  life;  Abraham  et  a  1 . .  claimed  that 
the  optimal  use  of  the  additive  was  related  to  lithium  capacity  (0.4 
mmoles/A-hr  Li ) .  Thus,  apparently  a  factor  of  10  increase  in  ratio 
decreases  benefit.  Kerr  further  reported  that  in  the  absence  of  Li , 
thermal  polymerization  of  the  furan  occurs  perhaps  initiated  by  AsFe; 
the  rate  of  this  polymerization  is  significantly  reduced  in  the  pres¬ 
ence  of  lithium  as  indicated  by  the  measured  levels  of  2-Me-F  (4)  and 
by  the  reported  enhanced  cycle  life  01  2-Me-F  containing  cells  (2). 
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The  importance  of  reactions  of  LiAsFs  in  electrolyte  degradation 
has  also  been  identified  by  Yen  et  a  1 . .  (5).  This  work  has  indicated 
that  re-plated  lithium  reacts  with  the  electrolyte  to  yield  as  a  final 
product  arsenic.  Initial  steps  in  this  leaction  sequence  apparently 
involve  reactions  of  the  ether  ring-cleaved  products  with  the  LiAsF* 
to  form  an  oxyfluoride  which  leads  to  formation  of  an  As-0  polymer. 
These  products  form  the  lithium  anode  passivating  layer  and  must  be 
partially  responsible  for  loss  in  lithium  capacity  on  cycling,  either 
by  reacting  irreversibly  with  lithium  or  by  isolating  lithium  par¬ 
ticles  from  the  lithium  metal  substrate.  It  is  important  to  notice 
that  at  the  basis  for  these  reactions  of  the  solute  is  the  degradation 
of  the  solvent:  application  of  methods  to  improve  solvent  stability  or 
to  prevent  reaction  of  solvent  cleavage  radicals  with  the  solvent  will 
result  in  an  increased  cycl^  life  lithium  secondary  cell. 


2 . 2  Mixed-Solvent  Electrolyte  Conductance 


There  have  been  a  number  of  recent  reports  on  the  benefits  of  the 
use  of  mixed  solvent  electrolytes  ii.e.,  Hunger  (6),  MatBuda  and 
Sataka  (7),  Margalet  and  Canning  (8),  Tobishima  and  Yamagi  (9),  Takata 
et  a  1 .  (10),  Matsuda  et  a  1 .  (11)1.  These  reports  have  documented  the 
increases  in  electrolyte  conductance  available  through  the  use  of 
mixed  solvents.  The  cause  of  this  electrolyte  conductance  increase  can 
be  partially  explained  by  the  formation  of  solvent-separated  ion 
pairs,  but  solvent-solvent  interactions  have  also  been  suspected  as 
being  of  importance  (12,13). 


In  a  recently  completed  study  (3).  ECO  measured  the  conductance  of 
a  number  of  solvents  and  solvent  pairs  with  LiAsF6,  LiSCN,  LiBr, 
L1CF3SO3  or  LiB(CeH5)4  as  solute.  Electrolytes  with  LiAsFe  as  solute 
were  identified  as  having  the  highest  specific  conductance  at  25°C; 
the  highest  specific  conductance  (13,400  uMHO/cm)  was  obtained  for  a 
1.5  M  LiAsFt  solution  of  1 , 3-d 1 oxo 1 ane  (23  v/o)/l,2-DME  (77  v/o). 
However,  this  mixture  did  not  have  high  specific  conductance  at  -40°C 
(e.g.,  280  uMHO/cm).  However,  the  addition  of  10  v/o  of 
1 , 1 , 3 , 3-tetramethy i  urea  to  the  mixture  provided  an  electrolyte  with  a 
specific  conductance  of  4000  uMHO/cm.  ECO  also  observed  that  the  peak 
in  conductance  which  occurs  as  a  function  of  volume  ratio  of  the  sol¬ 
vents  in  the  mixture  could  be  closely  correlated  with  a  peak  in  change 
in  13C-chemical  shift  determined  by  NMR.  These  data  provide  evidence 
indicating  that  conductance  in  mixed  solvents  is  related  to  the  forma¬ 
tion  of  solvent-solvent  pairs  in  which  there  is  sufficient  electron 
charge  overlap  to  induce  a  change  in  the  concentration  of  active  sol¬ 
vated  species.  The  obvious  effect  of  this  interaction  is  a  change  in 
electrolyte  conductance  as  a  function  of  temperature.  A  second,  per¬ 
haps  not  so  obvious  effect,  is  that  this  concentration  can  affect  the 
chemical  stability  of  the  electrolyte.  Indeed,  ECO  showed  that  elec¬ 
trolytes  with  solvent  mixtures,  with  volume  ratios  defined  as  those 


providing  a  maximum  in  1 3C-NMR  chemical  shift,  are  significantly  more 


1  ■»  /  U  \  4  Wn  vs  /s  1  ^  4  *s  vs  1  si  4  /s  «  vs  ».  *s  ^  J 

W  >  C  1  ^1  UI5  /  kliuw  pi  CU 


with  the  individual  solvents  (3).  This  NMR-based  technique  was  used  in 


the  Phase  I  program  to  determine  solvent  ratios  for  testing. 
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2 . 3  Low  Temperature  Performance 

Previous  work  with  lithium  secondary  cells  with  2-Me-THF-based 
electrolytes  has  indicated  that  the  low-temperature  performance  of 
these  cells  is  limited.  Abraham  et  a  1 .  (14)  described  the  use  of  a 
LiAsFt/(THF/2-Me-THF/2-Me-F)  electrolyte  in  cells  discharged  at  -20*C. 
Despite  this  being  their  best  electrolyte  with  cell  performance  sig¬ 
nificantly  improved,  performance  still  was  extremely  limited  (e.g., 
only  20%  capacity  utilization  at  2.6  mA/cm2).  Performance  at  -40°C  was 
not  reported. 

ECO  reported  (3)  that,  based  on  data  from  unoptimized  laboratory 
cells,  low  temperature  (-40°C)  discharge  capacity  of  a  cell  containing 
a  2-Me-THF/THF  electrolyte  can  be  increased  by  a  factor  of  ten  (from  2 
to  29%  of  RT  capacity)  through  replacement  of  the  THF  in  the  mixed 
solvent  electrolyte  with  an  alkyl  urea. 

2.4  Use  of  Alkyl  Ureas 

The  alkyl  ureas  have  been  routinely  used  for  solvating  alkali  met¬ 
als  in  organic  chemical  reactions  to  form  metastable  solutions  (16). 
Specific  alkyl  ureas  have  been  used  to  facilitate  lithium  enolate 
chemistry  (17).  These  reported  interactions  led  ECO  to  consider  the 
alkyl  ureas  as  co-solvents  in  mixed  solvent  electrolytes  for  secondary 
1 ithiurn  cel  Is. 

ECO  demonstrated  that  there  is  considerable  electronic  interaction 
between  the  alkyl  ureas  and  cyclic  ether  solvents  based  on  changes  in 
1 3C-NMR  chemical  shifts  as  a  function  of  volume  ratio  and  based  on  the 
observed  increase  in  low  temperature  conductance  of  mixed  solvent 
electrolytes  containing  an  alkyl  urea  (3).  These  initial  data  sug¬ 
gested  that  cell  performance  with  an  alkyl  urea-containing  electrolyte 
at  reduced  temperature  should  be  improved,  and,  as  described  in  the 
previous  section,  data  were  obtained  supporting  this  supposition. 

In  the  Phase  I  program,  ECO  evaluated  the  extent  of  increased  sol¬ 
vent  stability,  and  thus  cycle  life,  obtained  through  addition  of  an 
alkyl  urea  to  the  electrolyte  of  a  lithium  secondary  cell.  As 
described  in  Section  2.1,  Kerr  (4)  reported  data  indicating  that  elec¬ 
trochemical  degradation  of  a  cyclic  ether  proceeds  via  a  mechanism  on 
which  a  primary  radical  is  formed  by  oxygen-carbon  bond  cleavage;  this 
radical  is  in  equilibrium  with  the  charge  polarized  ether.  The  equili¬ 
brium  is  driven  toward  radical  formation  by  reaction  of  the  radical 
with  a  solvated  lithium  atom  formed  e 1 ectrochemi ca 1 1 y  at  the  anode 
during  charge.  Given  that  the  alkyl  ureas  are  highly  effective  at  sol¬ 
vating  alkali  metal  ions,  it  is  likely  that  such  solvation  will  result 
in  a  reduced  rate  of  reaction  between  free  lithium  atoms  and  the  pola¬ 
rized  carbon-oxygen  bond  in  the  cyclic  ether.  This  supposition  was 
tested  in  the  Phase  I  program  by  measurement  of  the  rate  of 
degradation  of  the  electrolyte  on  cycle-testing  of  secondary  lithium 
cel  Is . 
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5  Anode  Surface  Laver  Characterization 

The  layer  which  forms  on  the  anode  surface  during  cycling  is  the 
result  of  chemical  reaction  between  the  lithium  (metal  or  solvated 
atoms)  and  the  electrolyte.  This  reaction  can  be  modeled  as  a  corro¬ 
sion  reaction,  and  the  layer  formed  thus  acts  as  a  protective  layer. 
It  also  acts  as  a  solid  electrolyte  through  which  ionic  migration  must 
occur.  In  a  recent  study  of  the  characteristics  of  surface  layers  on 
lithium  anodes  in  aprotic  media,  Garrean  et  a  1 .  reported  (18)  that  the 
solid-electrolyte  interphase  (SEI)  model  presented  by  Peled  (19)  could 
be  used  as  a  basis  for  analysis  of  the  change  of  characteristics  in 
the  anode  surface  layers. 

In  this  model  of  the  SEI,  Peled  divided  the  layer  into  at  least 
two  zones:  a  thin  compact  layer  and  a  porous  secondary  layer.  The 
behavior  of  the  anode  with  compact  layer  can  be  represented  by  a  RC 
parallel  network.  Using  this  RC  network  model,  values  for  the  layer 
resistance,  R,  and  capacitance,  C,  are  determined  by  measuring  the 
change  in  cell  potential,  V,  as  a  function  of  time,  t,  after  applica¬ 
tion  of  a  current  pulse,  I,  because,  for  a  parallel  RC  network, 

V  -  IR  (l  -  e-‘/c") 

and  thus, 

dV  -  i  ,  -t/CR 
dt  C 

A  plot  of  log  dV/dt  vs.  t  gives  as  its  slope  a  value  for  1/2.3  CR  and, 
at  the  t«0  intercept,  a  value  for  log  I/C.  Film  resistivity  can  be 
obtained  from  the  slope  of  the  plot  of  1 /C  vs.  R  obtained  as  the  film 
grows  with  time. 

The  apparent  film  thickness  (D)  of  the  compact  layer  can  be  deter¬ 
mined  based  on  the  use  of  the  para  1 1 e 1 -p 1 ate-capac i tor  equation: 

D  -  8.85  x  10-»  E  A  1/C  (-)  cm 
-  K  1/C  («)  A 

where  E  is  the  dielectric  constant  of  the  layer,  A  is  the  layer  rough¬ 
ness  factor,  and  C  is  the  layer  capacity  (uF/cm2).  The  value  of  K  is 
93.9  assuming  a  roughness  factor  of  1  and  a  dielectric  constant  value 
of  10.62. 

This  approach  toward  characterizing  the  surface  layer  which 
affects  anode  behavior  is  thus  subject  to  real  time  analysis  with  the 
values  of  various  parameters  characterizing  the  layer  (R,  C,  D)  being 
determined  based  on  the  measurement  of  certain  readi ly-avai lable 
experimental  values  (V  vs.  t,  I).  Such  values  can  be  related  to  cell 
discharge  parameters  or  electrolyte  chemistries;  changes  in  the  values 
as  they  correlate  to  changes  in  cell  parameters  or  chemistries  can  be 
used  to  create  a  better  understanding  of  the  factors  affecting  anode 
performance,  and  thus  cell  cycle  life. 
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In  the  Phase  I  program,  ECO  used  this  method  of  surface  layer  ana¬ 
lysis  to  aid  in  developing  an  increased  understanding  of  the  changes 
obtained  in  lithium  secondary  cells  through  the  use  of  electrolytes 
containing  mixtures  of  cyclic  ethers  and  co-solvents. 

2 . 6  Spirally  Wound  Electrode  Design 

In  a  recent  report  Anderman  and  Lundquist  (2))  described  the  per¬ 
formance  of  both  rectangular  planar  and  spirally-wound  TiS2  cathodes 
in  1  M  LiAsF* /2-MeTHF  electrolyte.  Results  obtained  using  a  20  cm2,  80 
mA-hr  spirally  wound  cell  included  initial  capacity  utilization  of  ove; 
90%  falling  to  70%  after  400  cycles  at  0.75/1.5  mA/cm2  with  a  lithium 
turnover  number  of  43.  Based  on  these  results  and  upon  some  assump¬ 
tions  on  the  thickness  of  the  anode  and  cathode,  they  forecasted  that 
the  capacity  of  an  AA-size  spirally-wound  electrode  cell  will  be 
approximately  1  A-hr  at  a  rate  of  200-300  mA. 

In  the  preparation  of  the  spirally  wound  cathode,  Anderman  and 
Lundquist  used  commercially  available  TiS2  (Degussa)  and  a  nonfluori- 
nated  polymer  binder.  Previously  Yen  et  al .  (22)  reported  on  the  use 
of  ethyl ene-propyl ene-diene-terpolymer  (EPDH)  as  a  cathode  material 
binder  to  provide  a  flexible  cathode.  In  the  Phase  I  program,  ECO 
developed  a  spirally-wound  cathode  design  based  on  the  use  of  EPDH, 
TiS2  from  Degussa  and  a  high  surface  area  carbon  black  (Ketjenblack 
300 J ) .  AA-size  cells  with  50  cm2  surface  area  cathodes  were  discharged 
at  rates  as  high  as  400  niA  and  at  temperatures  over  the  range  of  -40* 
to  7 1 °C .  The  results  of  these  tests  will  be  described  in  later  sec¬ 
tions,  but  they  indicate  that  the  performance  forecast  of  Anderman  and 
Lundquist  may  indeed  be  feasible,  and  that  a  lithium  secondary  cell 
with  spirally-wound  electrodes  can  be  a  commercial ly-viable  alterna¬ 
tive  power  supply. 

3.0  METHODS 

3 . 1  Mat  enals 


The  electrolyte  solvents  used  included  2-Me-THF,  THF ,  2-methylfu- 
ran  (2-Me-F),  1 , 3-di oxo 1 ane ,  1 , 2-dimethoxyethane  (1,2-DME), 
1 , 1 , 3 , 3-tetramethy 1  urea  (TMU)  and  1 , 3-d imethy 1 -1 , 3-trimethy 1 ene  urea 
(DMTU).  These  solvents  were  obtained  from  Aldrich  Chemical  at  a  mini¬ 
mum  of  99%  chemical  purity;  anhydrous  solvents  were  obtained  when 
available  and  were  used  as  received.  Solvents  containing  an  inhibitor 
or  not  anhydrous  were  purified  by  distillation  from  a  solution  in 
which  a  sodium-benzophqnone  ketyl  had  been  formed.  The  purified  sol¬ 
vents  were  stored  in  amber  bottles  in  a  dry  room  (<0.5%  R.H.). 

The  solutes  used  were  lithium  hexaf luoroarsenate  (LiAsF*)  and 
lithium  tetraf luoroborate  (LiBF*).  They  were  obtained  as  electrochemi¬ 
cal  grade  materials  from  Lithco  and  Alfa/Ventron  respectively.  They 
were  dried  under  vacuum  (1  torr)  at  100°C  for  2  hours  prior  to  use. 

Electrolytes  were  prepared  in  the  dry  room  just  prior  to  use  as  1 
M  solutions  by  addition  of  the  solute  to  the  solvent  mixture  after  the 
mixture  had  been  chilled  to  approx.  0cC.  After  the  addition  of  the 
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solute,  the  electrolyte  was  warmed  to  room  temperature  and  then  added 
to  the  cell.  Electrolytes  with  2-methyl -furan  were  prepared  with  the 
furan  added  at  a  content  of  0.4  mmoles/A-hr  capacity  just  prior  to 
electrolyte  addition  to  the  cell. 

Anodes  for  laboratory  cells  were  prepared  by  pressing  18  mil  lith¬ 
ium  foil  (Lithco)  onto  4  cm2  SA  stainless  steel  or  nickel  screens  to 
which  was  spot  welded  a  metal  foil  (1  mil)  lead.  Reference  electrodes 
were  prepared  similarly  except  their  surface  area  was  only  0.1  cm2. 
Anodes  for  the  spirally  wound  AA-size  cells  were  prepared  as  4  mil 
lithium  foil  (3.8  cm  x  14.0  cm);  a  stainless  steel  (316)  1  mil  foil 
tab  welded  to  the  glass-to-metal  seal  was  spot  welded  to  a  thin  (3.8 
cm  x  0.3  cm)  piece  of  screen  which  was  pressed  into  one  end  of  the 
foil  and  was  the  center  insert  in  the  mandrel  used  in  winding  the 
electrode . 

Cathodes  were  prepared  from  TiS2  (Degussa),  carbon  black  (Ketjen- 
black  300J  or  600;  Akzo  Chemicals),  and  a  binder.  Three  binders  tested 
were  Vistalon  (Exxon  Chem.),  a  chlorinated  ethylene-propylene  co¬ 
polymer,  Polysar  (Exxon  Chem.),  a  ethylene-propylene-diene  terpolymer, 
and  a  similar  product  sold  by  Aldrich  Chemicals.  The  binder  was  dis¬ 
solved  as  a  3  w/o  solution  in  cyclohexane.  The  cathode  material  was 
prepared  as  a  thick  slurry  in  cyclohexane  and  applied  to  the  stainless 
steel  current  collector;  after  solvent  removal,  the  cathodes  were 
pressed  at  3000  psi  and  then  dried  under  vacuum  (1  torr)  at  100®C  for 
1  hour.  Cathode  size  for  the  laboratory  cells  was  4  cm2;  for  the 
spirally  wound  cells,  cathode  dimensions  were  3.8  cm  x  12.7  cm.  Cath¬ 
ode  loading  was  20  -  25  mg/cm2  and  was  determined  by  a  weight  dif¬ 
ference  (  +  1%)  prior  to  cell  assembly.  The  thickness  of  the  cathode 
used  in  the  spirally  wound  cells  was  approx.  20  mil;  this  thickness 
could  be  reduced  significantly  is  thinner  stainless  steel  screen  has 
been  used  (e.g.,  4  mil  rather  than  12  roil). 

The  cell  separator  used  was  a  2  mi  1  microporous  polypropylene  film 
(Celgard  2400). 

3 . 2  Cell  Types  Tested 

3.2.1  Lithium  Cycle  Life  Testing  -  Cell  Type  1 

The  laboratory  cells  used  to  evaluate  electrolyte  stability  on 
lithium  cycle  consisted  of  a  two-piece  circular  glass  cell  (5.0  cm 
dia.)  with  the  top  and  bottom  piece  held  together  on  a  Viton  0-ring 
gasket  with  a  pinch  clamp.  The  cell  top-piece  (3  cm  high)  had  three 
feed-throughs  (sealed  with  0.6  cm  dia.  rubber  septa)  through  which 
passed  the  electrode  (anode,  cathode,  reference)  leads;  a  fourth  sep- 
ta-sealed  feed-through  was  used  to  fill  the  cell.  In  the  bottom  piece 
of  the  cell,  the  electrode  stack  (anode,  separator,  reference,  separa¬ 
tor,  cathode)  was  held  in  compression  (approx.  10  g/cm2)  using  a  glass 
weight.  The  cathode  in  these  tests  consisted  of  a  4  cm2  nickel  or 
stainless  steel  foil  (1  mil).  Two  ml.  of  electrolyte  were  added  to  the 
cell  just  prior  to  initiation  of  the  lithium  cycle  test.  Cell  assembly 
was  carried  out  in  a  dry  room;  continuous  cell  cycling  was  done  on  the 
bench  using  an  Amel  Model  545  Electrometer.  Cell  voltage  and  cathode 
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vs.  reference  voltage  were  monitored  and  recorded  using  an  IBM- 
compatible  PC  equipped  with  a  MetraByte  DASH-8  data  logger  and  EXP-16 
multiplexer.  Software  developed  in-house  was  used  in  data  acquisition 
and  analysis.  This  software  allowed  for  variable  time-period  data 
acquisition  during  cell  cycle  and  automatic  data  acquisition  on  change 
in  polarity  of  the  .electrometer. 

3.2.2  Li/TiS?  Cell  Performance  -  Cell  Type  2 

The  laboratory  cells  used  to  test  electrolyte  chemical  stability 
and  Li/TiS2  cell  performance  demonstration  were  almost  identical  to 
those  used  in  evaluation  of  lithium  cycle  life  as  described  in  the 
previous  section.  Only  the  cathode  was  changed  from  a  metal  foil  to  a 
stainless  steel  screen  containing  the  TiSj/carbon  black/binder  mat¬ 
rix.  On  cell  cycle,  the  computer-based  datalogging  and  analysis  system 
was  again  used  with  the  Amel  Model  545  Electrometer. 

3.2.3  AA-Size  Spirally  Wound  Cells 

AA-size  hermetic  Li/TiS2  cells  with  spirally  wound  electrodes  were 
made  to  test  the  performance  of  such  cells  using  the  electrolytes  and 
cathode  matrix  composition  identified  as  improved  under  this  Phase  I 
program.  The  AA-size  cells  were  1.36  cm  in  diameter  and  5.33  cm  long; 
when  filled  they  weighed  approx.  20  g.  A  glass-to-metal  terminal 
(Fusite)  was  used  which  was  welded  to  the  cell  top;  the  cell  top  and 
bottom  were  welded  in-house  to  the  can  using  an  Nd : YAG  laser  welder 
(Raytheon  SS  501).  The  cell  was  filled  through  a  circular  port  on  the 
bottom  of  the  can  which  was  then  covered  and  welded  shut.  Cell 
assembly  and  filling  was  carried  out  in  a  dry  room. 

The  spirally  wound  electrode  was  prepared  using  a  4  mi  1  lithium 
foil  (3.8  x  14.0  cm)  and  a  20  mil  cathode  (3.8  x  12.7  cm).  The  lithium 
foil  was  placed  between  two  pieces  of  Celgard  2400  and  the  end  with 
the  strip  of  stainless  steel  screen  as  tab  was  inserted  in  the  slot  of 
a  mandrel.  The  mandrel  was  mounted  on  a  platform  and  connected  to  a 
rotating  wheel.  The  mandrel  was  rotated  slightly,  the  cathode  placed 
on  the  inner  side  of  the  separator-isolated  anode,  and  then  the  elec¬ 
trode  was  wound  with  tension  being  applied  to  maintain  a  tight  spiral. 
After  the  electrode  was  wound,  it  was  slid  off  of  the  mandrel  and 
inserted  into  the  cell  can  (prior  to  top  and  bottom  piece  insertion 
and  welding).  Electrode  tabs  were  spot  welded  (anode  to  glass-to-metal 
pole  and  cathode  to  can  wall),  and  then  the  top  and  bottom  cell  pieces 
were  pushed  in  place  for  laser  welding.  The  resulting  spirally  wound 
electrode  structure  had  a  theoretical  capacity  of  approx.  250  mA-hrs 
(Ti S 2- 1 imited) ;  this  theoretical  capacity  could  have  been  increased  if 
a  thinner  cathode  was  used  as  would  have  been  obtained  if  a  thinner 
stainless  steel  screen  current  collector  had  been  used  because  a 
reduction  in  cathode  thickness  would  have  permitted  a  significant 
increase  in  the  length  of  the  cathode  in  the  spirally-wound  electrode. 
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3 . 3  Test  Procedures  Used 

3.3.1  1 3C-NMR  Shift  Measurement 

1JC-NMR  spectra  were  obtained  in-house  using  an  FT-NMR  (IBM  NR80) 
on  2  ml  samples  using  a  tube-in-tube  technique  where  the  exterior 
wide-bore  (10  mm  dia.)  NMR  tube  contained  the  sample  and  a  sealed  nar¬ 
row-bore  (5  mm)  NMR  tube  containing  the  internal  standards  of  CDiCOCDi 
(for  NMR  signal  lock)  and  TMS  (for  shift  position  reference).  Resident 
NMR  computer  routines  were  used  to  identify  the  shift  position  of  each 
,sC-bond  signal  in  the  sample;  the  ratio  of  cyclic  ether  to  co-solvent 
in  the  presence  and  absence  of  1  M  solute  was  varied  in  the  samples. 
The  effect  of  these  variations  in  sample  composition  on  bond  shift 
position  was  determined  by  normalizing  the  measured  bond  shift  posi¬ 
tion  to  the  TMS  reference  position  and  to  the  shift  position  of  the 
»sc-bond  in  the  neat  solvent.  In-house  developed  software  was  used  to 
calculate  the  change  in  13C  shift  as  a  function  of  change  in  sample 
composition. 

3.3.2  GC/MS  Chemical  Analyses 

A  GC/MS  with  HP  5970  MS  detector  was  used  to  analyze  samples  of 
cell  electrolyte  before  and  after  cell  cycle.  0.5  ul  of  electrolyte 
were  injected  directly  on  the  column.  Microbore  capillary  (0.53  mm 
dia.)  column  (BP-5;  11  ft.  glass;  SGE)  conditions  used  in  evaluating 
2-Me-THF  based  electrolytes  were  150°C  with  a  helium  flow  rate  of  77 
cm/sec  and  splitter  ratio  of  7/1.  Interface  temperature  was  240°C.  The 
MS  was  scanned  over  the  range  of  10  to  300  amu .  Similar  conditions 
were  used  in  analysis  of  1 , 3-d i oxo 1 ane-based  electrolytes  except  that 
the  GC  temperature  was  reduced  to  100°C  (42  cm/sec  He). 

3.3.3  Lithium  Surface  Laver  Characterization 

The  capacitance  and  the  resistance  of  the  compact  layer  portion  of 
the  lithium  surface  layer  was  determined  following  the  galvanostatic 
transient  methods  described  by  Issacs  and  Leach  (23)  who  modified  the 
RC-network  model  analysis  for  a  constant  current  load  (19)  to  permit 
the  use  of  a  square  wave  current  step  on  a  steady-state  condition. 
Under  this  method,  when  4T  is  the  period  of  the  square  wave  oscilla¬ 
tion,  and  I  is  the  current  applied,  then: 

log  dV  «  log  1(1+  tanh  T  )  -  t 
dt  C  CR  2.3CR 

Thus,  in  a  plot  of  log  (dV/dt  •  1 / I )  vs,  t,  the  slope  equals  -1/2.3  CR 
and  the  intercept  at  t  «  0  equals  log  1/C  (1  +  tanh  T/CR).  Values  for 
R  and  C  can  thus  be  determined  based  on  a  plot  of  experimentally 
derived  values  for  log  dV/dt  •  1/1  vs.  t.  The  apparent  film  thickness, 
D,  was  estimated  from  the  para  1 1 e 1 -p 1 ate-capac i tor  equation  which 
relates  D  to  1/C  as  described  in  Section  2.5. 

Using  a  function  generator  (Global  Mode)  2001)  and  a  dual  trace 
storage  oscilloscope  (Leader  LBO-5825),  values  of  dV/dt  vs.  t  were 
obtained,  along  with  T  and  I,  for  each  lithium  cell  cycle  experiment. 
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In  these  determinations,  a  square  wave  pulse  current  (100  uA,  15  kHz) 
was  superimposed  on  the  cell  driving  current  (5  -  10  mA).  The  result¬ 
ing  voltage  transient  (working  electrode  vs.  lithium  reference)  was 
recorded  simultaneously  with  the  square  wave  pulse  using  a  dual¬ 
channel  storage  oscilloscope.  The  voltage  vs.  time  data  obtained  were 
analyzed  and  fitted  to  a  mono-exponential  decay  equation  of  the  form: 

V  -  Pi  -  p2e-'3‘ 

This  equation  form  comes  from  an  RC  model  in  which  the  load  voltage 
decays  exponentially  with  time.  The  derivative  of  the  fitted  curve  was 
determined  as  a  function  of  time,  and  values  for  C,  R  and  D  determined 
following  the  graphical  method  described  in  the  previous  paragraph. 
Analyses  of  the  data  were  carried  using  IBM-compatible  hardware  and 
in-house  developed  software. 

3.3.4  Lithium  Cvcle  Tests 

Initial  screen  of  electrolytes  was  carried  out  in  laboratory  cells 
(Cell  Type  1)  with  lithium  cycled  between  a  lithium  foil  and  a  lith¬ 
ium-plated  metal  (nickel  or  stainless  steel)  foil  electrode.  In  cell 
test,  lithium  was  first  plated  onto  the  metal  foil  electrode  in  the 
electrolyte  of  interest  at  constant  current  (10  mA;  2.5  mA/cm2).  The 
cell  was  then  cycle  tested  at  10  mA  discharge/charge  cycles  of  10  min. 
duration  each  with  the  discharge  consisting  of  partially  stripping  the 
lithium  off  of  the  metal  foil  electrode.  Electrode  failure  was  judged 
based  on  a  cut-off  voltage  (working  vs.  reference)  of  1.0  V;  this  vol¬ 
tage  was  monitored  and  recorded  using  an  IBM-compatible  PC  equipped 
with  a  MetraByte  DASH-8  data  logger  and  EXP-16  multiplexer;  voltage 
data  were  stored  to  disk  on  one  minute  intervals  during  the 
charge/discharge  cycle.  Four  cells  were  tested  for  every  electrolyte 
parameter  tested. 

3.3.5  Laboratory  Cell  Cvcle  Tests 

Laboratory  cells  with  lithium  anode  and  TiS2-containing  cathode 
were  used  to  initially  characterize  the  performance  of  such  cells  with 
the  program-identified  electrolytes  and  cathode  matrix  compositions. 
In  these  laboratory  cell  tests  (Cell  Type  2),  planar  4  cm2  electrodes 
were  used  with  Celgard  2400  as  separator  material.  An  Amel  Model  545 
Electrometer  was  used  to  cycle  the  cells  at  rates  from  2  to  8  mA  (0.5 
to  2  mA/cm2).  Cells  were  cycled  at  room  temperature,  at  -40°C  (Puffer 
Hubbard  Model  ICF3506  Freezer),  and  at  71°C  (heated  sand  bath). 

The  laboratory  cells  were  cycled  over  the  voltage  range  of  2.7  to 
1.7  V  at  the  set  current:  all  cells  were  cycled  for  at  least  10  cycles 
with  improved  cells  cycled  for  50  cycles.  During  cycle  testing,  cell 
voltage  was  recorded  at  minimum  at  30  min.  intervals  and  when  the 
polarity  of  the  electrometer  changed  (marking  change  from  cell  charge 
to  discharge  or  discharge  to  charge).  Cell  voltage  was  monitored  and 
recorded  using  an  IBM-compatible  PC  equipped  with  a  MetraByte  DASH-8 
data  logger  and  EXP-16  multiplexer;  all  cell  tests  were  run  in  dupli¬ 
cate.  Samples  of  cell  electrolyte  were  analyzed  by  GC/MS  before  and 
after  the  cycle  test. 
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3.3.6  AA-Size  Hermetic  Cell  Tests 

AA-size  hermetic  Li/TiS2  cells  with  spirally  wound  electrodes  were 
prepared  and  cycled.  These  cells  were  cycled  at  -40°,  RT,  and  7 1 ® C  at 
rates  of  50  to  400  mA  ( 1  to  8  mA/cm2).  The  cells  were  cycled  over  the 
voltage  range  of  2.7  to  1.7  V;  all  cells  were  cycled  for  a  minimum  of 
ten  cycles  with  improved  cells  cycled  continuously  for  periods  of  up 
to  10  days.  During  cycle  testing,  cell  voltage  was  recorded  at  minimum 
at  30  min.  intervals  and  when  the  polarity  of  the  electrometer  changed 
(marking  change  from  cell  charge  to  discharge  or  discharge  to  charge). 
Cell  voltage  was  monitored  and  recorded  using  an  IBM-compatible  PC 
equipped  with  a  MetraByte  DASH-8  data  logger  and  EXP-16  multiplexer; 
all  cell  tests  were  run  in  duplicate. 

4.0  RESULTS 

4 . 1  Initial  Electrolyte  Mixture  Selection 

4.1.1  1 . 3-Di oxo 1 ane-Based  Electrolyte 

Initial  screening  of  solvent  mixtures  was  carried  out  using  a  '  NMR 
technique  previously  developed  by  ECO  (3):  this  previous  work  showed  a 
strong  correlation  between  electrolyte  chemical  stability  and  conduc¬ 
tance  and  change  in  ,sC-shift  for  mixed-solvent  non-aqueous  electro¬ 
lytes.  In  this  screening,  a  series  of  evaluations  were  carried  out 
using  an  FT-NMR  (IBM  NR80)  to  determine  the  change  in  19C  shift  of  the 
carbon  atoms  in  two  cyclic  ethers  (2-methyl  tetrahydrofuran  (2-MeTHF) 
or  1 ,3-dioxolane  ( D1 OX ) )  as  a  function  of  extent  of  addition  of  an 
alkyl  urea  l 1 , 1 , 2 , 2-tetramethy 1  urea  (TMU)  or 

1 , 3-d i methyl ~1 ,3-trimethy lene  urea  (DTMU)]  or  of  a  alkyl  ether 
C 1 -> 2-dimethoxyethane  (DME)l  in  the  presence  of  1  M  LiAsF*. 

Provided  in  Figures  1  and  2  are  the  data  obtained  on  change  in  1#C 
shift  as  a  function  of  1  , 3-dioxolane  content  in  a  mixed  electrolyte 
containing  5  v/o  DTMU  and  1  M  LiAsFe,  with  Figure  1  showing  the  change 
in  carbon  shifts  of  DME  and  DTMU  and  Figure  2  showing  the  change  in 
shifts  of  1 ,3-dioxolane  and  DTMU  over  the  same  1 , 3-dioxolane  concen¬ 
tration  range  In  both  figures,  abrupt  or  significant  changes  are 
shown  for  electrolytes  containing  over  70  v/o  1 , 3-dioxolane .  The 
greatest  change  occurs  with  the  carbons  of  DME.  The  addition  of 
greater  amounts  of  DTMU  (10  and  20  v/o)  decreases  the  magnitude  of  the 
change,  but  significant  changes  are  still  observed  for  electrolytes 
containing  over  70  v/o  1 , 3-dioxolane  (Figures  3-6);  as  the  DTMU  con¬ 
tent  increases,  the  magnitude  of  the  shift  of  the  carbons  in  DME 
decreases  while  those  of  1 ,3-dioxolane  and  DTMU  remain  relatively  con¬ 
stant.  Omitting  the  solute  (LiAsFe)  from  the  electrolyte  causes  sig¬ 
nificant  change  in  the  observed  results:  all  of  the  changes  in  carbon 
shifts  remain  small  although  there  still  is  a  significant  change  as 
the  1 , 3-dioxolane  content  rises  above  70  v/o  (Figures  7  -  8).  Increas¬ 
ing  the  DTMU  content  in  the  absence  of  the  solute  does  not  have  a  pro¬ 
nounced  affect  on  the  magnitude  of  the  observed  changes  in  shifts 
(Figures  9  -10). 
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FIGURE  1.  DIOXOLANE/DME  WITH  5%  DTMU  AND  1  M  LiAsFg 


NSWCMP  89-242 


Ludd  ‘nWia/suD|0X0|a  SA  ui  b6udl|o 


FIGURE  2.  DIOXOLANE/DME  WITH  5%  DTMU  AND  1  M  LiAsF6 
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FIGURE  3.  DI0X0LANE/DME  WITH  10%  DTMU  AND  1  M  LiAsF6 


FIGURE  4.  DIOXOLANE/DME  WITH  10%  DTMU  AND  1  M  LiAsF6 
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FIGURE  7.  DIOXOLANE/DME  WITH  5%  DTMU 
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From  the  data  provided  in  Figures  1  -  10,  it  is  apparent  that  the 

2 . 3- methy 1 ene  carbons  (72.7  ppm)  of  DME  undergo  the  largest  change  in 
electron  cloud  density  in  the  presence  of  the  solute  (LiAsF*)  and 
that  this  change  is  a  function  of  1 ,3-dioxolane  concentration. 
In  the  absence  of  the  solute  a  solvent-solvent  interaction  is  still 
observed  at  a  electrolyte  1 , 3-dioxolane  content  of  approximately  80 
v/o  which  represents  a  1:4  ratio  of  DME:DIOX  on  a  molecular  basis. 
This  1:4  ratio  suggests  the  presence  of  hydrogen  bonding  between  the 
protons  of  the  methylene  carbons  and  the  oxygens  of  the  dioxolane: 
such  bonding  would  result  in  increased  shielding  of  the  carbon  due  to 
increased  electron  cloud  density  from  the  oxygen  as  it  associates 
with  the  hydrogen  on  the  carbon.  Increased  electron  shielding  on  the 
carbon  is  indicated  by  the  increased  positive  value  of  the  1SC  shift 
shown  in  Figures  7  -  10. 

The  addition  of  the  solute  to  the  electrolyte  results  in  apparent 
deshielding  of  the  methylene  carbons  of  DME  as  the  1 ,3-dioxolane  con¬ 
tent  of  the  electrolyte  increases  as  shown  by  the  increased  negative 
value  of  the  1JC  shift  (Figures  1  -  6).  This  deshielding  of  the  methy¬ 
lene  carbons  would  result  from  the  association  of  the  lithium  atom  in 
the  solute  with  the  oxygen  atom  alpha  to  the  methylene  carbons;  appar¬ 
ently  such  association  is  enhanced  when  the  DME:DIOX  ratio  is  1:4  or 
greater  on  a  molecular  basis.  This  apparent  requirement  of  a  combined 
interaction  of  DME  and  1 ,3-dioxolane  to  cause  enhanced  electron  cloud 
interaction  with  lithium  parallels  the  facility  of  various  crown  eth¬ 
ers  to  form  tight  complexes  with  lithium  ions  when  the  molecular 
structure  (oxygen-  and  carbon-containing  ring)  of  the  crown  ether  is 
suitably  tailored  to  cause  extensive  electron  sharing  in  linear- 
bonding  hybrid  orbitals  (24).  Based  on  the  observed  enhanced  deshield¬ 
ing  of  the  methylene  carbons  of  DME  compared  to  that  of  either  of  the 

1 .3- dioxolane  carbons,  it  is  apparent  that  the  extent  of  electron 
sharing  with  lithium  is  greater  between  the  oxygens  alpha  to  the  meth¬ 
ylene  carbons.  That  this  1  i  thiuin:  oxygen  association  affects  the  pro- 
ton:oxygen  association  observed  in  the  absence  of  the  solute  is 
unlikely  given  that  the  observed  discontinuity  in  change  in  shift 
observed  as  the  1 , 3-dioxo 1 ane  content  exceeds  70%  remains  unaffected. 

The  net  affect  of  the  association  of  the  oxygens  in  DME  to  form  a 
electron-sharing  cage  for  lithium  ions  with  the  oxygens  of 

1 , 3-dioxolane  or  of  the  proton-oxygen  interaction  of  the  two  solvents 
should  be  enhanced  stability  of  the  electrolyte  solution  to  chemical 
degradation  by  lithium  radicals  formed  in  electrochemical  cycling  of 
lithium.  The  increased  overlap  of  electron  clouds  in  the  mixed  solvent 
should  prevent  adventitious  interaction  with  the  lithium  radical.  The 
addition  of  DTMU,  an  alkyl  urea,  does  not  detrimentally  affect  this 
potentially  protective  association  until  the  electrolyte  content  of 
DTMU  rises  above  10  v/o  (Fig.  5  vs.  Fig.  3).  Based  on  these  ,JC-NMR 
results,  two  mixed-solvent  electrolytes  chosen  for  further  study  were 
DME: 1 ,3-dioxolane  in  a  1:4  by  volume  ratio  and  the  same  mixture  con¬ 
taining  5  v/o  DTMU, 
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FIGURE  9.  DIO! 


NSWCMP  89-242 


Ludd  ‘nwia/3UD|0X0!Q  SA  yms  U|  0DUD11O 


A-26 


FIGURE  10.  DIOXOLANE/DMEWITH  10%DTMU 
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4.1.2  2-MeTHF-Based  Electrolyte 

lsC-shift  data  were  also  obtained  for  and  mixed  solvent  electro¬ 
lyte  based  on  2-MeTHF  with  1  M  LiAsF*.  Provided  in  Figures  11  -  14  is 
a  presentation  of  the  data  obtained.  The  extent  of  deshielding  shift 
(reduction  in  electron  density)  of  the  carbons  alpha  to  the  oxygen  in 
2-MeTHF  and  increased  shielding  of  the  other  three  carbons  is  shown  to 
be  a  function  of  volume  ratio  of  2-MeTHF  (Figure  11)  although  the 
relationship  is  not  as  obvious  as  with  the  1 , 3-dioxolane-based  elec¬ 
trolyte.  For  the  2-MeTHF-based  electrolyte  an  apparent  discontinuity 
in  shift  of  the  carbons  alpha  to  the  oxygen  occurs  at  a  2-MeTHF  con¬ 
tent  of  approximately  80  v/o.  At  a  similar  concentration  a  significant 
change  in  shift  also  occurs  for  the  carbon*  alpha  to  the  oxygen  in  TMU 
(Figure  12).  In  the  absence  of  the  solute,  no  significant  trends  or 
changes  in  shifts  are  observed  for  either  solvent  as  a  function  of 
solvent  ratio  (Figures  13  and  14). 

The  results  provided  in  Figures  12  -  14  indicate  electron  cloud 
sharing  between  the  oxygen  of  2-MeTHF  and  lithium  from  the  solute:  the 
extent  of  sharing  is  apparently  altered  by  the  presence  of  an  alkyl 
urea.  However,  the  extent  of  solvent-solvent  interaction  in  this  Sol¬ 
vent  mixture  is  decreased  compared  to  that  observed  for  the 
1 , 3-dioxolane-based  electrolyte.  Based  on  these  results,  two  addi¬ 
tional  electrolytes  chosen  for  further  study  were  2-MeTHF  (with  2-MeF) 
and  a  mixture  of  2-MeTHF  and  TMU  (80  v/o  2-MeTHF)  both  with  1  M 
LiAsF6 . 

4.1.3  Effect  of  Change  in  Solute 

An  additional  NMR-based  study  was  made  of  1 , 3-dioxolane-based 
electrolytes  containing  LiBF<  as  solute.  Provided  in  Figure  15  is  a 
display  of  data  on  the  change  in  15C-shifts  as  a  function  of 
1  ,3-dioxolane  concentration  by  volume  for  a  DME-1 , 3-d ioxo lane  mixture. 
Some  electron  cloud  sharing  is  indicated  which  is  deshielding  of  the 
carbons  in  1 ,3-dioxolane  for  lower  1  , 2-d i oxo 1 ane  contents.  Addition 
of  1  M  LiBF«  to  the  mixed  solvent  system  again  results  in  a  signifi¬ 
cant  deshielding  of  the  methylene  carbons  in  DME  (Figure  16).  However 
even  more  increased  deshielding  is  observed  on  the  addition  of  1  M 
LiAsFe  (Figure  17).  A  comparison  of  Fig.  1  with  Fig.  17  shows  that  the 
presence  of  5  v/o  DTMU  apparently  enhances  the  proton : oxygen  interac¬ 
tion  but  does  not  affect  the  1 i thi urn : oxygen  association.  Based  on 
these  results,  a  fifth  electrolyte  chosen  for  additional  study  was 
DME/1  , 3-dioxolane  (1:4  by  volume)  with  1  M  LiBF.»;  this  electrolyte  was 
chosen  because  it  permits  evaluation  of  the  effect  of  a  different 
solute  and  of  the  extent  of  chemical  stability  as  related  to  the 
observed  extent  of  13C-shift. 

4 . 2  Li thium  Cvcl e  Li fe 

4.2.1  Laboratory  Cell  Data 

Lithium  cycle  life  was  tested  in  laboratory  cells  with  stacked 
electrode  configuration  so  as  to  more  closely  model  the  elec¬ 
trode/separator  surface  contact  effects  of  a  practical  Li/TiS2  cell. 
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FIGURE  11.  MeTIIF  WITH  TMU  AND  1  M  LiAsF6 


FIGURE  13.  MeTHF  WITH  TMU 
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FIGURE  15.  DIOXALANE/DME  WITH  NO  ELECTROLYTE 


FIGURE  16.  DIO! 
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The  laboratory  cells  (Cell  Type  1)  were  prepared  to  contain  an  elec¬ 
trode  stack  consisting  of  a  lithium  foil  electrode  (4  cm2  SA),  a 
lithium  foil  reference  electrode  (0.1  cm2  SA) ,  and  a  4  cm2  nickel  or 
stainless  steel  foil  electrode.  Cells  tested  varied  both  in  separator 
material  (located  on  either  side  of  the  reference  electrode  between 
the  two  working  electrodes)  and  in  electrolyte. 

The  initial  series  of  laboratory  cells  prepared  varied  in  separa¬ 
tor  material;  the  electrolyte  used  was  1  M  LiAsF»/2-MeTHF.  In  previous 
work  Kerr  (4)  examined  the  stability  on  lithium  cycle  of  this  electro¬ 
lyte  in  a  test  cell  which  used  a  wide  electrolyte  gap  rather  than  a 
physical  separator  barrier  between  electrodes;  the  study  by  Kerr  thus 
did  not  include  aspects  of  soft  shorting  of  the  cell  due  to  localized 
dendrite  penetration  of  the  separator.  In  the  lithium  cycle  tests 
using  the  Cell  Type  1,  lithium  was  first  plated  onto  the  metal  foil 
electrode  at  constant  current  (10  mA;  2.5  mA/cm2)  for  20  min;  the 
lithium  was  then  cycled  at  10  mA  on  10  min.  cycles.  This  cycle  regime 
is  a  strenuous  test  condition  given  literature  reports  that  lithium 
plating  (Li /TiS2-cel 1  re-charge)  should  be  carried  out  at  rates  of 
less  than  0.5  mA/cm2  to  increase  lithium  cycle  life.  If,  however,  an 
electrolyte  provides  improved  lithium  cycle  performance  under  these 
strenuous  conditions  (e.g.,  high  .ate  charge  and  electrode-separator 
physical  contact),  this  improved  performance  will  only  be  magnified 
under  less  strenuous  conditions. 

In  this  initial  series  of  laboratory  cell  tests,  a  study  was  made 
of  the  effect  of  three  separator  types  on  lithium  electrode  cycle 
life.  The  three  separators  tested  were  Celgard  2400,  Rayperm  2-2065 
and  Craneglas  7-200.  The  Celgard  and  Rayperm  separator  materials  are 
porous  organic  films  approximately  1  mil  thick  with  a  void  volume  in 
excess  of  70%.  Rayperm  is  prepared  from  a  ha  1  ogen-ited  (chlorof luoro) 
polypro-polyethylene  co-polymer;  Celgard  is  a  microporous  polypropy¬ 
lene  film.  Craneglas  is  fiberglass  (7  mil)  mat  with  up  to  90%  void 
volume;  this  material  is  conventionally  used  in  primary  lithium  cells. 
Each  separator  was  tested  in  four  different  cell  cycle  tests.  Cells 
with  Celgard  2400  as  separator  were  observed  to  have  approximately 
twice  the  cycle  life  of  those  containing  Craneglas  and  50%  more  than 
those  with  Rayperm.  Based  on  these  results,  all  additional  cell  tests 
were  carried  out  using  only  the  Celgard  separator. 

A  second  series  of  laboratory  cells  were  tested  which  varied  in 
electrolyte  solvent  ratio.  Those  cells  with  2-MeTHF-based  electrolyte 
contained  either  no  TMU  or  a  1:4  by  volume  TMU:2-MeTHF  ratio  with  1  M 
LiAsFe;  those  with  1 , 3-dioxo 1 ane-based  electrolyte  contained  a  1:4  by 
volume  DME: 1 , 3-dioxolane  ratio  with  or  without  5  v/o  DTMU.  Provided  in 
Table  1  is  a  listing  of  the  observed  cycle  life  (to  a  1  V  vs.  refer¬ 
ence  cut-off)  of  these  cell  types  based  on  duplicate  cell  test 
results;  also  provided  is  a  listing  of  a  parameter,  F.O.M.  (Figure  Of 
Merit),  which  is  calculated  based  on  the  number  of  cell  cycles  times 
the  ratio  of  lithium  cycled  to  the  initially  plated  lithium.  This  par¬ 
ameter  thus  provides  an  estimate  of  the  extent  of  available  turn-over 
of  the  initially  plated  lithium  (e.g.,  a  value  of  1  would  imply  no 
replating  of  lithium). 
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TABLE  1 

Cycle  Life  of  Selected  Cells 
with  Me-THF-based  electrolyte 


Cel  1  1 

Cell  2 

Cell  3 

Cell 

No.  cycles  to  failure 

6 

6 

9 

11 

F.O.M. 

3 

3 

4.5 

5.5 

Contained  TMU 

No 

No 

Yes 

Yes 

with  1 . 3-dioxolane/DME- 

-based  electrolyte 

Cel  1  1 

Cell  2 

Cell  3 

Cell 

No.  cycles  to  failure 

12 

12 

6 

7 

F.O.M. 

6 

6 

3 

3.5 

Contained  DTM'J 

Yes 

Yes 

No 

No 

A-36 


NSWCMP  89-242 


The  data  provided  in  Table  1  show  that  the  addition  of  an  alkyl 
urea  co-solvent  to  the  electrolyte  results  in  an  approximate  doubling 
of  the  cycle  life  of  the  lithium  electrode.  Factors  limiting  cell 
cycle  life  are  not  identified  by  these  data,  but  they  may  include  cell 
shorting  due  to  dendrite  growth,  lithium  radical  reaction  with  the 
electrolyte  to  form  a  surface  passivating  layer,  and  formation  of 
electrochemical ly-unavai lable  lithium  zones.  The  latter  limitation  is 
unlikely  given  the  observation  that  the  metal  foil  electrodes  did  not 
show  hydrogen  gas  generation  upon  insertion  into  cold  water  after 
cycle  test. 

An  additional  series  of  laboratory  cells  were  prepared  and  tested 
which  contained  2-MeTHF-based  electrolytes  with  1.2  v/o  2-Me-F,  an 
additive  concentration  reported  by  Abraham  et  al .  to  improve  lithium 
cycle  life  (2).  In  the  cells  tested,  a  combination  of  this  additive  in 
an  electrolyte  containing  a  TMU:2-MeTHF  volume  ratio  of  1:4  increased 
the  FOM  to  16.5  or  an  additional  increase  in  cycle  life  of  a  factor  of 
three.  In  the  absence  of  the  TMU,  a  FOM  of  8.5  was  observed.  Thus,  the 
addition  of  both  the  alkyl  urea  and  the  2-methyl  furan  appears  benefi¬ 
cial  in  enhancing  lithium  cycle  life. 

4.2.2  Electrolyte  Chemical  Stability  on  Lithium  Cycle 

Aliquots  of  electrolyte  from  the  laboratory  cells  used  to  test 
lithium  cycle  life  were  withdrawn  prior  to  and  during  the  lithium 
cycle  test;  these  samples  were  analyzed  by  GC/MS.  The  mass  range 
examined  was  50  to  300  amu ;  a  capillary  column  held  at  120°  to  230°C 
was  used  in  analysis.  Provided  in  Figure  18  are  exemplar  total  ion 
chromatograms  of  the  electrolyte  from  selected  cells.  These  data  show 
that,  in  the  absence  of  TMU,  some  chemical  degradation  of  the  2-MeTHF- 
based  electrolyte  occurs;  in  the  presence  of  TMU  no  additional  com¬ 
pounds  are  detected.  Similarly  some  additional  peaks  are  observed  for 
the  1 , 3-dioxolane-based  electrolyte  in  the  absence  of  DTMU,  albeit  at 
an  intensity  level  at  least  a  factor  of  five  less  than  for  the 
2-MeTHF-based  electrolyte.  In  the  presence  of  5  v/o  DTMU  even  these 
minor  peaks  are  not  present. 

The  initial  Cell  Type  1  cells  prepared  used  a  nickel  foil  elec¬ 
trode  and  a  lithium  foil  on  nickel  screen  electrode;  these  cell  compo¬ 
nents  were  observed  to  be  suitable  for  both  of  the  electrolyte  types 
in  the  absence  of  addition  an  alkyl  urea.  However,  upon  addition  of  an 
alkyl  urea  to  these  electrolytes,  a  light  blue-green  color  was 
observed  to  rapidly  develop  in  the  electrolytes  suggesting  the  disso¬ 
lution  of  the  nickel  in  a  solvation  reaction  enhanced  by  the  presence 
of  the  urea.  The  lithium  cycle  life  of  the  cells  with  nickel  compo¬ 
nents  and  an  alkyl  urea  in  the  electrolyte  was  significantly  lower 
(less  than  4  cycles).  Upon  replacement  of  the  nickel  components  with 
314  stainless  steel  screen  and  foil,  the  discoloration  of  the  electro¬ 
lyte  was  not  observed.  The  data  provided  in  Figure  18  and  Table  1  are 
from  cells  with  stainless  steel  components. 

The  data  obtained  in  these  GC/MS  studies  show  that  the  addition  of 
an  alkyl  urea  co-solvent  to  a  2-MeTHF-  or  1 , 3-d i oxo 1 ane-based  electro¬ 
lyte  is  beneficial  in  reducing  the  rate  of  chemical  degradation  of  the 
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FIGURE  18.  SELECTED  GC/MS  DATA 
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electrolyte  on  lithium  cycle;  the  data  also  indicate  that  the 
1 , 3-dioxolane-based  electrolyte  has  increased  chemical  stability  com¬ 
pared  to  the  2-MeTHF-based  electrolyte. 

4.2.3  Lithium  Surface  Laver  Characterization 

As  selected  intervals  during  lithium  cycle  life  testing  using  the 
laboratory,  cells,  selected  characteristics  of  the  lithium  surface 
layer  were  determined.  These  determinations  were  based  on  the  use  of  a 
galvanostatic  transient  method  with  a  square  wave  current  (100  uA) 
pulse  (15  kHz)  superimposed  on  the  cell  cycle  current  (10  mA).  The 
resulting  voltage  transient  (working  vs.  reference  electrode)  was 
recorded  simultaneously  with  the  applied  square  wave  (to  determine 
I*ppii«<t  based  on  the  voltage  drop  observed  across  a  resistor  in 
series  with  the  pulse  generator)  using  a  dual-channel  digital  storage 
oscilloscope.  The  voltage  vs.  time  data  of  the  electrode  recovery  por¬ 
tion  of  the  voltage  transient  were  transferred  to  disk  and  analyzed  by 
fitting  to  a  mono-exponential  decay  equation  of  the  form: 

V  -  Pi  -  P2 e ‘ p3  1 

This  equation  form  was  used  to  model  the  expected  time-dependent 
response  of  a  lithium  electrode  with  the  surface  layer  acting  as  an  RC 
network  (19).  Based  on  the  values  of  the  parameters  obtained  on  curve 
fit.  a  plot  was  made  of  log  (dV/dt  •  1/1)  vs.  t;  the  slope  of  this 
plot  equals  1/2.3  CR ,  where  C  and  R  are  the  capacitance  and  resistance 
of  the  surface  film.  For  a  square  wave  pulse  load,  the  intercept  of 
this  plot  equals  log  ( 1 / C • ( 1  +  tanh  T/CR))  where  4T  is  the  period  of 
pulse  load  application  (23).  Surface  film  thickness,  D,  was  estimated 
from  the  paral  1  e  1 -p  I  at  e-capac  i  tor  equation  (D«*^  1/C). 

Provided  in  Tables  2  and  3  are  values  for  the  surface  film  parame¬ 
ters  C,  R  and  D  obtained  in  analysis  of  data  obtained  on  led  r  ♦.  •  *y 
cells  with  various  electrolytes.  Cells  1  and  2  of  Table  2  w*r  >r  3- 
pared  with  a  DME/ 1  .  3-di  oxo  1  ane  (1:4  by  volume  ratio)  based  e’  <’te 
with  5  v/o  DTMll ;  cells  3  and  4  were  prepared  with  an  electroi;  '  <  k- 
ing  the  DTMU .  These  data  show  that  during  cell  cycle,  lithium  layer 
thickness  becomes  less  on  cycle  in  DTMU-conta i ning  cells  than  in  the 
absence  of  DTMU :  this  result  correlates  with  the  decreased  cycle  life 
of  the  DTMU-free  cells  suggesting  that  the  presence  of  this  layer  may 
be  passivating  to  the  lithium  electrode.  There  is  considerable  noise 
in  the  data  as  evidenced  by  the  range  of  values  observed  for  C,  R  and 
D  in  the  cell  test  replicates  so  precise  correlation  between  cycle 
life  and  layer  thickness,  capacitance  or  resistance  is  not  appropri¬ 
ate.  In  general,  however,  the  surface  layer  on  the  lithium  formed  in 
cells  with  electrolyte  containing  DTMU  appears  to  have  greater 
increase  in  capacitance  (especially  compared  with  the  capacitance  of 
the  oxide  layer  on  the  stainless  steel  foil)  suggesting  that  the 
surface  layer  in  DTMU-containi ng  cells  may  have  increased  porosity. 

Provided  in  Table  3  are  corresponding  data  for  cells  containing 
electrolytes  based  on  2-MeTHF :  cells  3  and  4  contained  20  v/o  TMU . 
Again  there  is  considerable  noise  in  the  calculated  parameter  values, 
but  the  general  trends  observed  with  the  1  ,  3-d l oxo 1 ane-based  electro- 
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Tabic*  2 

Electrolyte  based  on  80  v/o  1, 2-Dioxolane,  20 


After  1.5  hrs 

Slope 

Intercept 


on  10  min  cycles  (discharge  cycle) 
Cell  1  Cell  2  Cell  3 

-130400  -210200  -195400 

7.959  8.118  8.065 


CR 

l+tanh(T/CR) 

C,  uF 
R,  ohms 

D,  cm 


.00000333 

1.9999090 

.02197912 

151.69957 

.00004276 


.00000207 

1.9999998 

.01524158 

135.70927 

.00006166 


.00000223 

1.9999994 

.01721987 

129.21643 

.00005458 


After  1.5  hrs 

Slope 

Intercept 


on  10  min  cycles  (charge  cycle) 
Cell  1  Cell  2  Cell  3 

-185400  -234100  -326000 

8.214  8.17  8.311 


CR 

l+tanh(T/CF) 

C,  UF 
R,  ohms 

D,  cm 


.00000235 
1.9999987 
.01221883 
191. 92551 
. 00007C22 


.00000186 

2.0000000 

.01352166 

137.35383 

.00006951 


.00000133 

2.0000000 

.00977305 

136.46603 

.00009617 


After  lithium  charge  for 
Cell  1 

Slope  -207200 

Intercept  8.271 


CR 

UtanMT/CK) 

C,  UF 
R,  ohms 

D,  cm 


.00000210 

1.9999097 

.01071593 

195.81794 

.00008771 


4  0  min 
Cell  2 
-352900 
8.304 

.00000123 

2 

.00993185 

124.04821 

.00009463 


Cell  3 
-389400 
8.297 

.00000112 

2 

.01009323 

110.62320 

.00009312 


Eefore  lithium  charge 


Slope 

Intercept 


Cell  1 
-203400 
8.28 


Cell  2 
-350200 
8.308 


Cell  3 
-338200 
8.296 


CR 

l+tanh ( T/CR ) 
C,  uF 
R,  ohms 


.00000214 

1.9999997 

.01649615 

203.65323 


.00000124 

2 

.00984079 

126.16126 


.00000129 

2.0000000 

.01011649 

127.07747 


v/o  DME 


Cell  4 
-3695UO 
8.868 

.00000118 

2 

.00271038 

434.13792 

.00034677 


Cell  4 
-240900 
8.789 

.00000180 

2.0000000 

.00325110 

555.14364 

.00028909 


Cell  4 
-289400 
8.886 

.00000150 

2.0000000 

.00260034 

577.75491 

.00036144 


Cell  4 
-329400 
8.917 

.00000132 

2.0000000 

.00242120 

545.15321 
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Table  3 

Electrolyte  based  on  Me-THF  w/o  TMU 


After  2.0  hrs  on  10  min  cycles  (discharge  cycle) 


Cell  1 

Cell  2 

Cell  3 

Slope 

-360700 

-371600 

-250500 

Intercept 

8.776 

■  8.911 

8.262 

CR 

.00000121 

.00000117 

.00000174 

l+tanh(T/CR) 

2 

2 

2.0000000 

C,  UF 

.00334989 

.00245488 

.01094032 

R,  ohms 

359.82889 

476.61364 

158.64794 

D,  cm 

.00028030 

.00038250 

.00008583 

After  2.0  hrs 

on  10  min  cycles  (charge 

cycle ) 

Cell  1 

Cell  2 

Cell  3 

Slope 

-617800 

-  324700 

-293500 

Intercept 

8.93G 

8.875 

8.473 

CR 

. 00000070 

.00000134 

.00000148 

1+tanh ( T/CR ) 

o 

4m 

2.0000000 

2.0000000 

C,  uF 

.00231755 

.00266704 

.00673023 

R,  ohms 

303.66467 

502.06492 

220.10711 

D,  cm 

.00040516 

.00035207 

.00013952 

After  lithium 

charge  for 

20  min  at  10 

mA 

Cell  3 

Cell  2 

Cell  3 

Slope 

-4G1C00 

-301700 

-281100 

Intercept 

8.80 

8.821 

8.487 

CR 

.00000094 

.00000120 

.00000155 

1 8  tanh ( T/CR ) 

2 

2.0000000 

C,  uF 

.00276077 

.00302016 

.00651673 

R,  ohms 

341.61839 

398.00970 

237.34568 

D,  cm 

.00034012 

.00031091 

.00014409 

Before  lithium  charge 
Cell  1 

Cell  2 

Cell  3 

Slope 

-455500 

-433200 

-260500 

Intercept 

8.718 

8.786 

8.374 

CR 

.00000095 

.00000100 

.00000167 

1+tanh (T/CR ) 

2 

2 

2.0000000 

C,  uF 

.00382851 

.00327363 

.00845337 

R,  ohms 

249.31809 

306.58699 

197.43968 

Cell  4 
-403300 
8.929 

.00000108 

2 

.00235521 

457.73482 

.00039868 


Cell  4 
-453300 
8.493 

.00000096 

2 

.00642732 

149.23011 

.00014609 


Cell  4 
-218200 
8.293 

.00000199 

1.9999999 

.01018662 

195.60838 

.00009218 


Cell  4 
-238100 
8.317 

.00000183 

2.0000000 

.00963896 

189.44484 
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lytes  are  again  observed  such  as  increased  capacitance  of  the  surface 
layer  in  the  presence  of  the  alkyl  urea. 

The  data  obtained  in  this  study  of  lithium  surface  layer  charac¬ 
teristics  indicate  a  change  in  the  parameters  studied  as  a  function  of 
electrolyte  composition.  Further  physical  and  chemical  analyses  of  the 
layers  formed  will  be  necessary  to  provide  a  more  complete  understand¬ 
ing  of  the  changes  which  were  observed. 

4 . 3  Li/TiS?  Laboratory  Cell  Performance 

4.3.1  Cathode  Composition 

The  effect  of  material  composition  on  TiS2  cathode  capacity  was 
studied  in  a  series  of  laboratory  cells  (Cell  Type  2).  In  this  study 
the  capacity  on  the  first  discharge  cycle  was  used  as  an  indicant  in 
ranking  a  cathode  matrix;  this  testing  was  done  in  an  iterative  fash¬ 
ion  to  develop  an  improved  cathode  matrix.  Cathodes  were  tested  in 
complete  cells  with  a  cell  stack  (anode,  separator,  cathode)  held 
under  compression.  Variables  in  this  study  were  the  type  of  carbon 
used  to  increase  cathode  matrix  conductance  and  thus  rate  capability, 
cathode  binder  material,  and  electrolyte  solution  composition.  Pro¬ 
vided  in  Table  4  is  a  listing  of  the  data  obtained  with  each  result 
being  the  average  of  duplicate  cells. 

The  data  provided  in  Table  4  show  the  benefit  of  the  use  of  .an 
EPDM  binder  (5  w/o)  and  Ketjenblack  300J  (20  w/o)  with  TiS2  as  the 
cathode  matrix;  this  cathode  composition  provides  increased  cathode 
discharge  capability  with  1 , 3-d 10x0 1 ane-based  electrolytes  independent 
of  electrolyte  solute.  This  cathode  matrix  composition  was  used  in  all 
the  additional  cell  tests  including  the  hermetic  AA-size  cells  with 
spirally-wound  electrodes. 

4.3.2  Effect  of  Electrolyte  on  Li/TiS?  Cell  Performance 

Following  determination  of  the  components  of  an  improved  cathode 
matrix,  a  series  of  laboratory  cells  (Cell  Type  2)  were  prepared  and 
cycled  at  a  discharge/charge  rate  of  1.0  mA/cm2.  These  cells  were 
prepared  with  a  electrode  stack  (anode,  separator,  cathode)  held  under 
compression.  The  tests  carried  out  permitted  determination  of  the 
effect  on  cathode  (and  cell)  cycle  performance  of  changes  in  electro¬ 
lyte  composition:  the  electrolytes  tested  were  those  identified  as 
being  of  interest  based  on  the  13C-NMR  study  described  in  Section  4.1. 
Provided  in  Tables  5  and  6  is  a  summary  of  the  data  obtained  in  these 
room  temperature  tests  with  the  data  presented  based  on  the  average 
performance  of  duplicate  cells. 

Provided  in  Table  5  are  data  on  cathode  cycle  efficiency  (coulombs 
in/out),  average  discharge  capacity  over  third  through  seventh  cycle 
(expressed  as  a  percentage  of  first  discharge  cycle),  extent  of  TiS2 
utilization  (based  on  the  measured  cathode  weight),  and  observed  cath¬ 
ode  material  energy  density.  The  data  presented  in  this  Table  show 
that  the  use  of  the  DME/1 ,3-dioxolane  electrolyte  provides  cells  with 
high  cycle  efficiency  and  maintenance  of  discharge  capacity  on  cycle 
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Table  4 


Effect  of  Cathode 

Components 

on 

Li/TiS2  Cell  Discharge  Capacity 

Carbon 

Binder 

Electrolyte 

First  Cycle 

Type 

Type 

Type 

Discharge,  mA-hrs 

Vi sta 1  on 

1 

<  0.5 

— 

Vistalon 

2 

<  0.5 

— 

Polysar  EPDM 

1 

4 

Crystalline  graphite 

Polysar  EPDM 

1 

1 

Amorphous  graphite 

Polysar  EPDM 

1 

7 

Ketjenblack  300J 

Polysar  EPDM 

3 

15 

Ketjenblack  300J 

Polysar  EPDM 

(10  w/o) 

3 

14 

Ketjenblack  300J 

Polysar  EPDM 

w/f i bers 

(10  w/o) 

3 

13 

Ketjenblack  300J 

Aldrich  EPDM 

3 

18 

Ketjenblack  600 

Aldrich  EPDM 

1 

14 

Ketjenblack  300J 

Aldrich  EPDM 

1 

18 

Notes : 

1 .  Electrolyte  Type  1 

was  1 6 : 4 : 1 : : D I OX 

:  DME : DTMU 

with 

1 

M  Li AsF i . 

2.  Electrolyte  Type  2 

was  32:8:1: : MeTHF : TMU : MeF 

wi  th 

1 

M  LiAsF e . 

3.  Electrolyte  Type  3 

was  16:4:1: :DI0X 

:  DME : DTMU 

with 

1 

M  LiBFi. 

4.  Binder  at  5  w/o  of  solids  and  carbon  as  20  k/o  of  solids  for  solids 
load  of  approximately  25  rag/cmJ . 
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Table  5 


Effect  of  Solvent  System  on  Secondary  Cathode  Performance 


Electrolyte  System: 

MeTHF 

MeTHF 

TMU 

DIOX/DME 

DIOX/DME 

DTMU 

Cycle  Efficiency,  % 

99 

92 

100 

97 

Disc.  Capacity,  %  of  1st  cycle 

79 

57 

106 

79 

TiS2  Uti 1 ization,  % 

70 

40 

78 

57 

Cathode  Energy  Density,  A-hr/kg 

130 

75 

145 

105 

Notes  : 

1.  All  values  calculated  as  averages  of  two  cells  over  five  (third 
through  seventh)  charge/discharge  cycles. 

2.  All  electrolytes  contain  1  M  LiAsFs;  4  cm2  cathode  prepared  to 
contain  78  w/o  T i S 2 ,  17  w/o  Ketjenbiack  300J ,  5  w/o  EPDM  (Aldrich) 
at  25  mg/cm2  1 oad . 
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Table  6 

Effect  of  Use  of  LiBF<  as  Electrolyte  Solute 


MeTHF 

MeTHF 

DIOX/DME 

DIOX/DME 

TMU 

DTMU 

Cycle  Efficiency, 

% 

0 

126 

140 

126 

Disc.  Capacity,  % 

of  1st  cycle 

0 

60 

85 

65 

TiS2  Uti 1 ization, 

X 

0 

2 

32 

34 

Mis: 

1.  All  values  calculated  as  averages  of  two  cells  over  five  (second 
through  seventh)  charge/di scharge  cycles. 

2.  All  electrolytes  contain  1  M  LiBFi;  4  cm2  cathode  prepared  to 
contain  78  w/o  TiS?,  17  w/o  Ketjenblack  300J ,  5  w/o  EPDM  (Aldrich) 
at  25  mg/cm2  load. 
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(approx.  100X);  cathode  energy  density  is  over  145  A-hr/kg  or  over  200 
V-hr/kg  (based  on  average  discharge  voltage  of  2.1  V).  The  addition  of 
the  alkyl  urea  does  not  improve  cathode  performance  in  either  the 
2-MeTHF-  or  1 , 3-d i oxo 1 ane-based  electrolytes. 

Provided  in  Table  6  are  parallel  data  obtained  with  cells  where 
the  electrolyte  contains  LiBF«  rather  than  LiAsF*  as  electrolyte 
solute.  The  use  of  this  solute  is  shown  to  significantly  alter  the 
performance  of  the  TiS2  cathode  in  the  four  electrolytes  tested.  The 
statistically  higher  than  100%  cycle  efficiency  observed  for  three  of 
the  electrolyte  systems  suggests  that  the  electrolytes  are  undergoing 
electrochemical  reduction;  the  lower  TiS2  utilization,  especially  for 
the  2-MeTHF-based  electrolytes,  suggests  that  the  intercalation  reac¬ 
tion  at  the  cathode  is  impeded  in  this  electrolyte.  The  decreased 
electrochemical  stability  of  the  LiBF«-based  electrolytes  indicated  by 
a  comparison  of  the  data  presented  in  Tables  5  and  6  correlates  with 
the  decrease  in  change  in  13C-shift  with  this  solute  described  in 
Section  4.1.3. 

4.3.3  Electrolyte  Stability  on  Full  Cell  Cycle 

Electrolyte  samples  were  taken  before  and  after  discharge  from  the 
cell  types  identified  in  Table  5.  These  samples  were  again  analyzed  by 
GC/MS  following  the  procedures  outlined  in  Section  4.2.2  in  which  a 
0.5  ul  aliquot  was  injected  on  a  capillary  column  held  at  120°  to 
230°C  and  the  mass  range  of  50  to  300  amu  monitored  for  the  presence 
of  electrolyte  breakdown  products.  As  shown  by  the  total  ion  chromato¬ 
grams  provided  in  Figure  19,  no  significant  electrolyte  degradation 
was  observed  after  fifty  cycles  for  the  1 ,3-dioxolane-based  electro¬ 
lytes  . 

4.3.4  Effect  of  Temperature  on  Laboratory  Cell  Performance 

Additional  Li/TiS?  laboratory  cells  were  prepared  and  discharged 
at  elevated  and  reduced  temperature.  Provided  in  Table  7  is  a  listing 
of  parameter  values  based  on  average  values  for  replicate  cells.  The 
cells  tested  contained  the  DME/1 , 3-dioxolane  (1:4  by  volume  ratio) 
electrolyte  with  5  v/o  DTMU;  the  cells  were  discharged/charged  at  1 
mA/cm2.  Cell  cycle  at  elevated  temperature  is  shown  not  to  affect 
cathode  performance  with  little  change  observed  in  cell  cycle  effi¬ 
ciency,  maintenance  of  average  discharge  capacity,  or  TiS2  utiliza¬ 
tion. 


Cell  performance  at  reduced  temperature  (-40°C)  is  shown  by  the 
data  presented  in  Table  7  to  suffer  only  in  TiS2  utilization:  perfor¬ 
mance  p.  ameters  of  cycle  efficiency  and  maintenance  of  discharge 
capacity  ..re  not  significantly  affected.  Provided  in  Figure  20  is  a 
graphical  display  of  a  cell  cycled  at  -40°C;  voltaic  performance  is 
shown  to  suffer  at  this  reduced  temperature  with  a  reduction  in  aver¬ 
age  di-charge  voltage  of  200  mV  (from  2.1  to  1.9  V). 

The  data  presented  in  Table  7  and  Figure  20  show  that  the  use  of 
the  1 ,3-dioxolane-based  electrolyte  and  the  program-identified  cathode 
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FIGURE  20.  LABORATORY  CELL  PERFORMANCE  DATA  (AFTER  10  CYCLES) 
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Table  7 

Effect  of  Temperature  on  Laboratory  Cell  Performance 


Temperature. 

xC 

-40 

£1 

±11 

Cycle  Efficiency, 

% 

105 

97 

97 

Disc.  Capacity,  X 

of  1st  cycle 

105 

7  S 

81 

TiS2  Uti 1 ization, 

% 

26 

57 

58 

Notes : 

1.  All  values  calculated  as  averages  of  two  cells  over  five  (third 
through  seventh)  c.harge/d  i  scharge  cycles. 

2.  Electrolytes  contain  DME/DIOX/DTMV  with  1  M  LiAsFe;  4  cm2  cathodes 
prepared  to  contain  78  w/o  TiS2,  17  w/o  Ketjenblack  300J,  5  w/o 
EPDM  (Aldrich)  at  25  mg/cm2  load. 
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FIGURE  22.  AA-SIZE  CELL  CYCLE  VOLTAGE  PROFILE  ®  -40°C 
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FIGURE  23.  AA-SIZE  CELL  CYCLE  VOLTAGE  PROFILE  @  RT 
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FIGURE  24.  AA-SIZE  CELL  CYCLE  VOLTAGE  PROFILE  @  -40OC 
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matrix  composition  provide  a  cell  which  is  capable  of  high  rate  per¬ 
formance  at  -40°C. 

4 . 4  AA-Size  Li/TiS?  Cell  Performance 

4.4.1  Performance  over  a  Broad  Temperature  Range 

Hermetic  AA-size  cells  (Cell  Type  3)  with  spirally  wound  elec¬ 
trodes  were  made  and  tested  to  demonstrate  that  the  technology  devel¬ 
oped  in  the  Phase  I  program  can  provide  a  practical  lithium  secondary 
cell  with  wide  temperature  performance  range  and  high  rate  capability. 
The  cells  prepared  had  cathode  surface  area  of  50  cm2!  the  cells  were 
filled  with  the  1 ,3-dioxolane-based  electrolyte  and  were  laser-weld 
sealed.  The  performance  of  this  practical  cell  design  was  tested  over 
the  temperature  range  of  -40®  to  +71°C  at  a  1  mA/cm2  rate.  Provided  in 
Table  8  is  a  summary  of  the  data  obtained  with  cycle  efficiency, 
maintenance  of  discharge  capacity  and  extent  of  TiS2  utilization 
listed.  Again  cell  performance  at  elevated  temperature  is  shown  not  to 
be  significantly  different  from  performance  at  room  temperature. 

The  performance  of  the  hermetic  AA-size  cells  at  -40°C  is  shown  by 
the  data  presented  in  Table  8  to  suffer  mainly  in  TiS2  utilization 
compared  to  performance  at  room  temperature;  the  extent  of  loss  of 
cathode  capacity  is  small,  however,  compared  to  cells  with  conven¬ 
tional  electrolytes  and  cathode  compositions.  With  the  program  devel¬ 
oped  cathode  composition  and  electrolyte,  cathode  utilization  is  over 
50%  at  -40°C .  Provided  in  Figures  21  and  22  is  a  graphical  comparison 
of  the  cycle  voltage  profile  of  the  AA-size  cells  at  room  temperature 
and  at  -40°C:  at  both  room  temperature  and  -40°C  there  is  iittle 
change  in  cell  performance  over  20  cycles,  although  there  is  some  loss 
in  voltaic  efficiency  at  the  lower  temperature  as  would  be  expected 
due  to  reduced  electrolyte  conductance.  These  results  demonstrate  that 
the  technology  developed  under  this  Phase  I  program  provide  a  practi¬ 
cal  cell  capable  of  operation  over  a  wide  temperature  range. 

4.4.2  Performance  at  High  Rate 

An  additional  series  of  hermetic  AA-size  cells  were  constructed 
which  were  tested  over  a  range  of  loads  to  demonstrate  the  high  rate 
capability  of  this  cell.  The  cells  utilized  spirally  wound  electrodes 
with  the  DME/1 ,3-dioxolane/l  H  LiAsFe  electrolyte.  Provided  in  Figure 
23  is  a  graphical  display  of  the  data  obtained  on  the  tenth  dis¬ 
charge/charge  cycle  at  room  temperature;  the  data  presented  are  aver¬ 
age  values  of  duplicate  cells.  Charge/discharge  was  carried  out  at  50, 
200  or  400  mA  ( 1 ,  4  or  8  mA/cm2)  over  the  voltage  range  of  1.7  to  2.7 
V  for  the  1  and  4  mA/cm2  rates  and  1.6  to  2.9  V  for  the  8  mA/cm2  rate. 
The  data  presented  in  Figure  23  are  normalized  for  rate  by  multiplying 
the  observed  time  by  the  rate  factor  (1,  4  or  8).  Based  on  the  data 
presented,  the  AA-size  cel!  does  not  suffer  at  room  temperature  in 
performance  or  capacity  at  rates  as  high  as  4  mA/cm2;  this  cel!  type 
provides  significant  capacity  at  8  mA/cm2  although  the  available 
capacity  is  reduced  to  approximately  50%  of  the  lower  rate  value 
over  the  cut-off  voltage  range  used. 
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Table  8 

Effect  of  Temperature  on  AA-Size  Sealed  Cell  Performance 


TemDerature . 

xC 

-40 

£1 

±71 

Cycle 

Efficiency , 

X 

66 

89 

100 

Disc . 

Capacity,  % 

of  1st  cycle 

108 

108 

112 

7iSi 

Uti 1 ization, 

X 

52 

86 

89 

Notes : 

1.  All  values  calculated  based  on  averages  of  five  cells  over  cycles 
11  -15  at  50  mA  (1  mA/cm?). 

2.  All  electrolytes  contain  20  v/o  DME/80  v/o  DIOX  with  1  M  LiAsFs;  50 
cm2  cathode  prepared  to  contain  78  w/o  TiS2,  17  w/o  Ketjenblack 
300J ,  5  w/o  EPDM  (Aldrich)  at  24  mg/cm2. 
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High  rate  performance  at  reduced  temperature  was  also  tested.  Pro¬ 
vided  in  Figure  24  is  a  presentation  of  the  average  performance  data 
obtained  after  ten  cycles  from  replicate  cells  on  discharge  at  1  and  2 
mA/cm2  at  -40°C.  These  data  demonstrate  that  the  technology  developed 
under  this  Phase  I  program  provides  a  practical  lithium  secondary  cell 
capable  of  meeting  the  program  goal  of  providing  significant  capacity 
on  discharge  at  2  mA/cm2  at  -40eC. 

The  recent  report  by  Anderman  and  Lundquist  <21 )  described  the 
performance  of  laboratory  Li/TiSi  cells  with  spirally  wound  electrode. 
The  electrode  structure  described  was  20  cm2  with  a  theoretical  capac¬ 
ity  of  80  mA-hr.  The  hermetic  AA-size  cells  designed  and  tested  under 
this  Phase  I  program  had  an  electrode  structure  of  50  cm2  with  an 
measured  capacity  on  extended  cycle  of  almost  250  mA-lir.  These  dis¬ 
charge  data  demonstrate  that  the  cells  made  under  the  Phase  I  program 
are  the  next  generation  of  cells  moving  forward  from  the  cells  made  by 
Anderman  and  Lundquist  toward  the  goal  they  forecast  as  achievable  of 
a  spirally-wound  AA-size  lithium  secondary  cell  with  energy  density  of 
over  100  V-hr/kg.  The  additional  data  described  above  on  high  rate  and 
low  temperature  capability  further  demonstrate  that  this  cell  type 
will  be  of  practical  value  once  its  design  is  optimized  and  validated. 

4 . 5  Summary  of  Results 

A  technique  based  on  13C-NMR  was  used  to  identify  mixed-solvent 
electrolytes  which  have  enhanced  electron  overlap  between  solution 
components;  such  overlap  was  proposed  as  providing  increased  chemical 
stability  of  the  selected  electrolytes  to  degradation  by  lithium  radi¬ 
cals  formed  el ectrochemi ca 1 ly  in  lithium  cell  cycle.  Enhanced  lithium 
cycle  life  in  and  chemical  stability  of  the  selected  electrolytes  was 
demonstrated  in  laboratory  cell  tests.  The  values  of  selected  parame¬ 
ters  characterizing  the  surface  layer  formed  on  the  lithium  on  cell 
cycle  were  determined  using  a  transient  voltage  method  and  a  RC 
model;  the  values  obtained  were  shown  to  be  consistent  with  the 
observed  enhanced  electrolyte  stability  and  cycle  life  of  the  selected 
electrolytes. 

The  composition  of  the  cathode  of  Li/TiSz  laboratory  cells  which 
utilized  the  selected  electrolytes  was  varied  in  an  iterative  fashion 
and  a  cathode  composition  was  identified  which  provided  enhanced  first 
cycle  discharge  capacity.  The  optimized  composition  included  the  use 
of  Ketjenblack  and  an  EPDM  binder.  Laboratory  cells  which  utilized 
this  optimized  cathode  composition  were  cycled  at  rates  of  0.5  to  2 
mA/cm2  over  the  temperature  range  of  -40°  to  71PC.  Chemical  stability 
of  the  selected  electrolytes  tested  was  demonstrated  using  GC/MS.  An 
electrolyte  based  on  the  use  of  DME/1 ,3-dioxolane  (1:4  by  volume 
ratio)  with  1  M  LiAsFs  as  solute  was  identified  as  providing  a  cell 
with  high  rate  performance  over  the  temperature  range  tested.  Cycle 
life  in  excess  of  50  cycles  was  demonstrated. 

The  design  of  a  hermetic  AA-size  Li/TiS2  ceiii  viu  •  tPi,.iiy 
wound  electrode  was  developed  and  the  design  implemented.  The  cells 
made  were  tested  at  rates  of  1  to  8  mA/cm2  over  the  temperature  range 
of  -40°  to  71°C.  The  cell  performance  obtained  demonstrated  the 


A-57 


NSWC  MP  89-242 


technical  feasibility  of  using  the  program-developed  technology  to 
provide  a  lithium  secondary  cell  with  high  rate  capability  over  a 
broad  temperature  range. 

5.0  TECHNICAL  FEASIBILITY 

5 . 1  Program  Accomplishments 

The  Phase  I  program  provided  the  following  answers  to  the  research 
questions  identified  in  the  original  proposal  and  repeated  in  Section 

1 . 2  above : 

1  *  Lithium  secondary  cells  with  mixed  solvent  electrolytes  chosen 
based  on  the  techniques  developed  in  the  Phase  I  program  are  capable 
of  providing  significant  (over  50%  of  theoretical)  cell  cycle  capacity 
at  2  mA/cm2  over  the  temperature  range  of  -40°  to  +71°C. 

2.  Lithium  surface  characteristics  were  measured  using  a  voltage  tran¬ 
sient  technique;  they  were  demonstrated  to  be  affected  by  the  electro¬ 
lyte  used  and  to  change  as  a  function  of  cycle  life  of  the  lithium 
e 1 ect  rode . 

3.  Electrolytes  selected  based  on  the  program-verified  1 »C-NMR  tech¬ 
nique  were  demonstrated  to  be  chemically  stable  in  Li/TiS2  cells 
on  extended  cycle  (50  cycles)  over  a  broad  temperature  range  and  on 
deep  discharge  (to  over  70%  theoretical  TiS?  capacity). 

4.  The  performance  of  hermetic  AA-size  cells  demonstrated  in  the  Phase 
I  program  indicates  that  the  cathode  composition  and  the  electrolyte 
selected  in  Phase  I  are  suitable  to  provide  a  lithium  secondary  cell 
with  high  rate  capability  over  a  broad  temperature  range;  based  on 
these  results  continued  work  to  develop  a  practical  cell  using  the 
program-identified  components  and  cell  design  appears  warranted. 

In  addition  to  successfully  meeting  the  planned  technical  goals  of 
Phase  I,  a  design  for  a  lithium  secondary  cell  with  spirally  wound 
electrode  was  developed  and  the  design  was  implemented.  Cells  with 
this  design  were  tested  at  high  rate  over  a  broad  temperature  range 
and  found  to  perform  at  the  levels  required  at  this  stage  in  the 
design  development  process  to  meet  the  long  term  goal  of  developing  a 
multipurpose  lithium  cell  suitable  for  use  by  the  modern  Navy. 

5 . 2  Future  Direction 


The  Phase  I  program  objective  was  accomplished  of  identifying  the 
components  of  a  lithium  secondary  cell  which  improve  cell  high  rate 
performance  over  a  broad  temperature  range.  These  components  were 
tested  in  a  Li/TiSz  cell  with  a  spirally  wound  electrode  design;  the 
observed  performance  capabilities  of  this  cell  indicate  the  technical 
feasibility  of  the  use  of  this  cell  as  a  multipurpose  cell  for  the 
Navy.  However,  further  work  will  be  required  to  extend  this  initial 
feasibility  demonstration  to  a  development  level  where  this  cell  type 
is  commercially  available  in  a  practical  configuration.  Such  addi- 
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tional  work,  to  be  done  under  the  SBIR  program  in  a  Phase  II  effort, 
would  have  the  following  objectives: 

1.  Complete  a  re-design  of  the  spirally  wound  electrode  to  provide  a 
secondary  cell  with  higher  practical  capacity  (i.e.,  1  A-hr  for  an  AA- 
size  cell,  etc.):  such  a  re-design  will  include  a  review  of  electrode 
materials  and  physical  dimensions  as  well  as  mechanisms  for 
charge/overcharge  control . 

2.  Characterize  the  effect  on  cell  performance  of  changing  the  active 
cathode  material  from  TiS2  to  an  alternative  intercalation  material 
which  may  have  higher  theoretical  energy^ densi ty  or  demonstrated  rate 
capability:  incorporate  such  materials  in  the  cell  design  if  warranted 
by  performance  or  capacity  improvements. 

3.  Demonstrate  the  performance  and  discharge  capacity  of  the  re¬ 
designed  cell  in  a  practical  configuration  at  high  rate  over  a  broad 
temperature  range;  verify  cell  cycle  life  under  these  conditions. 

4.  Develop  plans  for  commercial  manufacture  of  the  program- 
demonstrated  multipurpose  lithium  cell  and  provide  a  cost  estimate'  for 
production  on  scale. 

A  Phase  II  program  which  accomplishes  these  objectives  would  pro¬ 
vide  the  technical  bases  for  the  development  of  a  business  whose  goal 
is  the  commercial  production  of  a  multipurpose  secondary  lithium  cell. 
Achievement  of  commercialization  would  mark  the  successful  completion 
of  a  SBIR-supported  program. 
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1.0  SUMMARY 


Phase  one  of  this  program  consisted  of  the  preparation  and  preliminary  evaluation  of 
mixed  oxide-catalyzed  teflon-bonded  acetylene  black  cathodes  for  the  Li-SOClg 
battery  system.  Tne  mixed  oxides  were  of  spinel  or  perovskite  morphology,  and  were 
both  prepared  by  thermal  decomposition  of  the  respective  nitrates  in  the  proper 
molar  amounts  on  the  carbon  suostrate  in  a  Nitrogen  atmosphere.  Specifics  of  the 
techniques  used  were  derived  directly  from  the  literature,  and  are  rendered  in 
Section  2.0  of  this  report. 

The  performance  of  potential  catalyst  candidates  was  electrochemically  tested 
through  the  use  of  two  vehicles.  Tne  first  type  of  test  vehicle  used  was  the 
demountable  glass  cell.  This  cell  was  used  for  rapid  preliminary  evaluation  of  the 
discharge  potential  of  different  catalysts  at  different  rates.  Stepped  voltammetry  was 
applied  using  potentiostatic  methods  and  IR  compensation.  For  these  evaluations,  1 
cm2  pieces  were  selected  from  flat  cathodes  manufactured  by  both  dry  and  wet 
processing  methods.  The  potential  of  the  working  electrode  (cathode)  was  lowered 
from  its  OCV  ( *»  3.6V)to  tne  operating  potential  of  2.7  V  vs  the  lithium  reference 
electrode  in  50  mV  steps,  then  raised  back  to  OCV  by  steps  of  the  same  voltage 
interval.  Those  cathodes  manifesting  the  highest  operating  potentials  were  selected  . 
for  further  evaluation. 

The  second  type  of  electrochemical  evaluation  vessel  employed  was  the  BEI  Type  14- 
24  (1/2  AA  size)  cell.  This  cell  employed  a  can  positive  carbon-limited  bobbin-type 
design  with  spring-loaded  anodes  for  increased  rates  of  discharge.  The  cells  were 
discharged  through  resistive  loads  and  recorded  using  a  digital  voltage  datalogger. 
Rate  capability  and  capacity  of  the  cathode  types  could  thus  be  measured. 

Chemical  stability  data  of  catalyzed  cathodes  in  thionyl  chloride-based  electrolyte 
was  generated  by  storing  cathodes  in  electrolyte  and  subsequently  analyzing  the 
electrolyte  for  nickel  ana  cobalt  ions  by  titrating  against  an  indicator. 

In  general,  the  performance  levels  achieved  with  most  of  the  spinel-catalyzed 
cathodes  surpassed  those  of  uncatalyzed  cathodes  by  a  significant  degree.  The  Ni-Co 
spinels  were  particularly  good  in  this  respect.  Conversely,  the  perovskites  that  were 
screened  did  not  improve  cathode  performance. 

Hermetic  cell  testing  of  the  more  promising  candidates  verified  that  the  performance 
improvements  realized  through  tne  use  of  catalyzed  cathodes  in  preliminary  testing 
were .  pplicable  to  actual  production-type  cells.  In  general,  311  catalyst  types  which 
improved  the  operating  voltages  of  1  'looded  demountable  glass-housed  test  cells  did 
likewise  both  in  short-term  polarization  testing  and  in  long-term  discharge  testing. 

In  that  only  a  small  sample  size  was  possible  under  the  conditions  of  a  Phase  1 
program,  tne  results  of  these  hermetic  cell  tests  are  not  altogether  conclusive. 
Chemical  stability  testing  indicated  that,  within  the  limitations  imposed  by  our 
testing  methodology,  that  the  catalyst  types  tested  were  chemically  stable  in  SOCI2- 
based  electrolyte. 
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2.0  BACKGROUND 

The  lithium-thionyl  chloride  battery  system  emerged  during  the  mid-1970's  as  one  of 
the  highest  energy  dense  battery  systems  known.  Increasing  demands  have  been 
made  of  this  battery  system  with  respect  to  energy,  power,  and  safety,  particularly  by 
the  military.  The  need  for  overall  improvement  of  all  of  the  referenced  factors 
necessitates  research  in  two  major  areas:  cathodes  and  electrolyte.  The  cathode  is 
recognized  as  the  limiting  factor  within  the  system  with  respect  to  rate  capability  and 
capacity.  Moreover,  improvements  in  both  safety  and  capacity  as  well  as  rate 
capability  have  been  achieved  within  the  Li-SOCl?.  system  through  the  use  of 
cathode  catalysts  (34).  The  cited  improvements  provided  the  impetus  for  continuing 
research  and  development  of  potential  catalyst  candidates  for  use  in  the  LiSOCl2 
system. 

Since  all  of  the  catalyst  types  cited  above  manifested  actual  or  potential  drawbacks, 
an  entirely  new  approacn  to  the  problem  was  taken.  The  ideal  catalyst  material 
obviously  must  catalyze  the  reduction  of  thionyl  chloride  while  maintaining  chemical 
stability  in  its  presence.  Beyond  that,  the  catalyst  should  be  inexpensive  and  readily 
prepared  from  materials  which  are  not  considered  strategic  in  nature.  Both  the 
spinels  and  the  perovskites,  for  the  most  part,  meet  the  last  3  qualifications.  With 
respect  to  electrochemical  performance  and  chemical  stability  in  the  LiSOCl2  system, 
no  published  data  wad  known  to  be  available  prior  to  this  work. 

Most  of  the  recent  catalyst  work  wit[  the  Li-SOCl2  system  has  centered  about  the  use 
of  inorganic  catalysts  (2, 3) .  Although  the  catalytic  activity  of  these  compounds 
remains  undisputed,  their  chemical  stability  in  oOCl2-based  electrolytes  has  been 
questionable  at  best.  Furthermore,  SOCI2  is  known  to  attack  most  organic 
compounds,  as  it  is  a  highly  effective  chlorinating  agent.  On  the  other  hand,  many 
inorganic  compounds  of  transitional  metals,  such  as  Type  52  alloy  and  many  of  the 
stainless  steels,  tend  to  be  chemically  stable  in  SOCl2-based  electrolytes,  while 
exhibiting  little  or  no  catalytic  activity. 

Mixed  oxides  or  the  transitional  metals,  such  as  the  spinels  and  perovskites,  have 
been  known  to  be  effective  oxygen  reduction  catalysts  in  H2/02  fuel  cells,  just  as  the 
pthalocyanines  and  tetraazaannulenes.  Furthermore,  since  they  are  inorganic 
compounds,  they  are  potentially  more  resistant  to  attack  by  SOCI2  than  the 
organometallics.  Accordingly,  this  new  group  of  compounds,  the  mixed  transitional 
meta.  oxides,  represents,  potentially,  a  highly  effective  new  group  cathode  catalysts 
for  the  Li-SOCl2  battery  system. 


3.0  CATALYST  PREPARATION 


3.1.  SPINELS 

Spinels  are  oxides  of  one  or  more  transitional  metals  which  assume  a  definite 
crystalline  structure.  The  empirical  formulae  of  spinels  is  usually  M203  or  MN04 
where  M  =  transitional  metal  1  and  N  =  transitional  metal  2,  although  MN03  is 
also  a  possibility..  The  catalytic  activity  of  various  spinels  for  oxygen  reduction  in 
fuel  cells  has  been  well  documented  (4-25).  Many  of  the  catalysts  commonly  used  for 
SOCI2  reduction  in  the  Li-SOCl2  system  had  a  previously  demonstrated  effectiveness 
as  oxygen  catalysts  in  various  fuel  cell  applications.  This  list  of  catalysts  includes  the 
noble  metal  platinum  (26),  transitional  metal  pthalocyanines  (2),  and  transitional 
metal  tetraazaannulenes  (3).  In  that  the  spinels  represented  a  large  group  of 
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candidates  with  a  documented  effectiveness  as  oxygen  catalysts,  just  as  the  noble 
metals  and  transitional  metal  pthalocyanines  and  tetraazaannulenes,  which  had  no 
previously  documented  use  as  catalysts  in  the  Li-'SOCl2  system,  Battery  Engineering 
Inc.  proposed  their  use  as  SOCl2-reduction  catalysts.  An  extensive  literature  search 
revealed  a  number  of  methods  which  have  been  successfully  employed  in  the 
manufacture  of  spinels  (27-37).  Some  of  the  methods  were  deemed  undesirable 
because  they  necessitated  a  number  of  complicated  procedures  requiring 
sophisticated  and  expensive  eauipmentsucn  as  freeze-drying  equipment,  or  because 
they  were  developed  specifically  for  the  growth  of  large  crystals  (30-37).  The  method 
practiced  throughout  the  execution  was  derived  from  references  27-29,  using  Lang 
(38)  as  a  physical  reference  for  establishing  the  manufacturing  temperatures. 

Solutions  of  the  nitrates  of  the  respective  transitions*  metals  were  prepared. 
Shawinigan  Acetylene  Black,  50%  compressed,  was  slowly  added  to  the  nitrate 
solution  until  the  weight  of  the  transitional  metal  (5)  in  solution  reached  5%  of  the 
total  weight  of  the  carbon  and  metal  mixture.  The  basic  mixture  consisted  of  19  g 
SAB,  1  g  mixed  metals,  and  150  ml  of  water,  and  when  properly  prepared,  attained  a 
paste-like  consistency.  Portions  of  the  mixture  were  transferred  into  304  SS 
combustion  boats  ana  the  nitrates  were  thermally  decomposed  to  their  respective 
oxides  and  calcined  at  450  degrees  C  for  1  hr  in  a  nitrogen  atmosphere.  In  Practice, 
the  thermal  decomposition  process  was  carried  out  in  a  Lindberg  tube  furnace  fitted 
with  a  one  inch  OD  304  stainless  steel  tube.  The  tube  was  fitted  with  machined 
stainless  steel  end  caps  drilled  and  tapped  to  accept  fittings  for  through-flow  of  N2 
gas,  as  well  as  K-Type  jacketed  thermocouples,  which  monitored  temperatures  at 
both  sides  of  the  payload.  An  Omega  temperature  controller  was  used  to  carefully 
control  the  temperature.  Since  the  gaseous  thermal  decomposition  products  of  metal 
nitrates  are  oxides  of  nitrogen,  all  work  was  performed  in  a  fume  hood. 

The  resultant  powders  were  seemingly  low  in  density  and  flaky  in  consistency,  and 
their  surface  was  noticeably  shinier  than  acetylene  black,  which  had  undergone 
similar  treatment.  The  catalyzed  powders  were  also  characterized  as  having  small 
particle  sizes.  No  further  treatment  was  necessary  prior  to  their  use  in  cathode 
fabrication. 


3.2  PEROVSKITES 

Perovskites  are  somewhat  similar  in  formula  and  structure  to  the  spinels. 
Perovskite-type  compounds  are  defined  as  those  having  the  empirical  formula  Lnl:x 
Mx  Ml  03,  where  Ln  is  a  lanthoid  element  such  as  lanthanum,  M  is  an  alkaline  earth 
element  such  as  strontium,  and  Ml  is  a  transition  metal  (39).  The  catalytic 
properties  of  perovskites  for  oxygen  reduction  in  various  fuel  cell  systems  is  well 
documented  (42-46),  however,  just  as  was  the  case  with  spinels,  their  use  as  reduction 
catalysts  in  the  LiSOCl2  system  was  undocumented  prior  to  this  work. 

Perovskite-type  compounds  can  be  prepared  by  a  number  of  methods.  (39-41).  Again, 
as  for  spinels,  many  methods  of  perovskite  preparation  involve  sophisticated  and 
expensive  equipment,  as  well  as  difficult  and  time-consuming  techniques..  A 
simplified  metnod  was  chosen  based  upon  that  of  Onbayashi  et  al.  (39).  Since  nitrates 
of  many  different  metals  were  purchased  for  the  preparation  of  spinel-t\q>e  catalysts, 
including  lanthanum  and  strontium,  these  were  used  as  the  precursor  for  perovskite 
production. 
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The  formation  temperature  for  perovskites  by  thermal  decomposition  of  the  nitrates 
is  considerably  higner  than  for  spinels  (circa  1100  degree  C  vs  450  degree  C  for  the 
spinels).  Since  strontium  nitrate  decomposes  into  the  oxide  at  1100  degree  C  (Lange), 
tnis  temperature  must  be  attained  in  order  to  produce  the  perovskite.  Furthermore, 
the  referenced  techniques  (39, 42)  specify  formation  times  in  the  range  of  6-30  hours. 

In  practice,  perovskite  catalyzed  carbons  were  prepared  using  the  same  apparatus 
used  for  the  preparation  of  spinel-catalyzed  carbon.  The  same  method  was  used  to 
prepare  pastes  of  candidate  materials,  which  were  heated  in  304  SS  combustion  boats 
m  tne  Lindberg  tube  furnace  to  1100  degree  C  for  6  hours.  Again,  a  nitrogen 
atmosphere  was  used.  This  prevented  the  carbon  from  oxidizing  during  tne  process. 
The  two  candidate  perovskite-based  materials  were  of  lower  density  than  the  spinel- 
catalyzed  materials;  otherwise,  their  physical  morphology  was  similar.  Again,  no 
further  treatment  of  the  materials  was  necessary  in  order  to  fabricate  cathodes. 


4.0  CATHODE  FABRICATION 

Generally  speaking, two  different  methods  were  used  to  fabricate  candidate 
electrodes  for  initial  performance  evaluation.  The  first  technique,  henceforth 
referred  to  as  the  "dry"  technique,  began  by  wetting  the  catalyzed  carbon  prepared  by 
the  method  of  Section  3  with  dilute  isopropanol  to  produce  a  thick  slurry  of  paste-like 
consistency.  To  this  slurry,  TFE  emulsion  (DuPont  TFE  30)  was  added  dropwise 
until  the  weight  of  the  teflon  solids  reached  10%  of  the  total  weight  of  solids  in  the 
slurry.  The  mixture  was  then  ultrasonically  agitated  to  assure  homogenuity  and  air 
dried  to  remove  the  excess  solvent. 

Subsequent  to  air  drying,  the  mixture  was  dried  at  100  degrees  C  °and  cured  at  280  - 
320  degrees  C  in  an  Argon  atmosphere.  The  cured  mixture  was  ground  into  fine 
powder  in  a  chopping  mill  and  sieved  through  100  mesh  nickel  screen  to  assure 
uniformity.  Proprietary  techniques  were  then  used  to  uniformly  coat  both  “sides  of  a  5 
Ni  10  125  expanded  nickel  screen  with  the  active  material.  The  cathode  was  then 
pressed  at  500-1000  psi  to  integrate  the  structure.  The  cathode  was  subsequently 
dried  under  vacuum  and  cut  to  size  before  testing  ensued. 

The  dry  manufacturing  technique  is  successfully  used  to  manufacture  uncatalyzed 
TFE-bonded  acetylene  black  electrodes  and  is  suitable  for  use  with  some  types  of 
catalyzed  carbon.  Unfortunately,  this  technique  did  not  readily  adapt  to  use  with 
many  of  the  catalyzed  carbons,  thereby  necessitating  the  use  of  another 
manufacturing  technique. 

The  "wet"  technique  was  used  to  prepare  cathodes  from  catalyzed  carbons  that  did 
not  readily  adapt  to  the  dry  technique.  Since  this  category  included  the  majority  of 
the  spinels,  wet  technique  cathodes  were  manufactured  from  nearly  all  of  this  group. 
The  method  is  based  upon  that  of  Breault  et  al  (47),  and  began  with  the  preparation  of 
a  dilute  slurry  of  catalyst  in  water  and  adding  DuPont  TFE  30  emulsion  dropwise  to 
the  slurry  until  the  weight  ratio  of  TFE  solids  to  total  solids  in  the  slurry  reached 
1:10.  The  pH  of  the  solution  was  then  adjusted  to  between  1.5  and  4.0  with  the 
dropwise  addition  of  sulphuric  acid.  The  slurry,  at  that  point,  became  a  colloidal 
suspension.  This  suspension  was  subsequently  filtered  and  transferred  to  an 
expanded  Ni  substrate.  The  subassembly  was  then  pressed  at  500-1000  psi  before  air 
drying  ensued.  Cathodes  prepared  by  the  wet  technique  were  oven  dried,  cured,  and 
prepared  for  testing  in  an  identical  manner  to  those  prepared  using  the  dry 
technique. 
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Since  the  two  referenced  methods  were  utilized  to  fabricate  flat  cathode  sheets, 
whereas  formed  bobbin-type  cathodes  were  required  for  use  in  hermetically  sealed  1/2 
AA  size  cells,  a  variation  of  one  of  the  techniques  was  employed.  A  proprietary  dry- 
type  method  was  used  to  form  the  cathodes  in  situ.  This  facilitated  the  nandling  of 
the  cathodes. 


5.0  TEST  CELL  DESIGN 


5.1  DEMOUNTABLE  CELL 

The  demountable  cell  used  for  initial  performance  screening  of  the  various  types  of 
catalyzed  cathodes  is  schematically  represented  in  Figure  1.  The  cell  and  cover  were 
off-the-shelf  -items  purchased  from  IBM  Corporation.  A  quick-change  system  for 
mounting  both  working  and  counter  electrodes  was  designed  and  implemented  at 
Battery  Engineering  Inc.  TFE  gasketing  and  "0"  rings  were  used  to  maintain  tight 
sealing  throughout  the  system.  The  reference  electrode  consisted  of  a  small  piece  of 
lithium  metal  attached  to  a  Ni  200  current  collector  and  inserted  into  an  isolated 
glass  chamber  containing  electrolyte  and  having  a  Luggin  capillary  tube  which  could 
be  positioned  in  close  proximity  to  the  working  electrode  to  minimize  the  IR  drop 
within  the  cell.  The  cell,  of  course,  was  electrolyte  flooded. 

The  top  of  the  glass  body  of  the  cell  is  threaded  about  its  perimeter,  as  is  the  inner 
circumference  of  the  thermoplastic  cover.  Five  tapered  holes  in  the  cover  provide 
access  for  the  working  and  counter  electrode  holders,  as  well  as  the  reference 
electrode  chamber  with  Luggin  capillary.  The  remaining  two  holes  were  fitted  with 
tapered  plugs,  and  were  used  for  filling  the  test,  cell  with  1.8  M  LiAlCU  in  SOCI2 
electrolyte  subsequent  to  assembly.  An  inner  FEP  liner  protected  the  plastic  cover 
from  chemical  attack  bv  the  electrolyte.  During  discharge,  the  electrolyte  was  stirred 
magnetically  to  aid  diffusion. 

In  practice,  the  demountable  glass  test  cell  functioned  precisely  as  required.  No 
problems  were  experienced  with  this  cell  at  any  point  throughout  the  program.  The 
cell  sealed  tightly  so  that  tests  could  be  performed  on  the  bench  outside  the  dry  room. 
The  total  time  required  to  test  one  sample  was  approximately  1.5  -2  hr.  During  the 
course  of  one  day,  four  to  five  electrodes  could  be  tested  in  this  cell. 


5.2  HERMETIC  1/2  AA  CELLS 

Initially,  Battery  Engineering  Inc.  proposed  to  comprehensively  evaluate  promising 
candidates  in  a  demountable  flat  cell  with  a  stoichiometric  volume  of  electrolyte  ana 

Eerform  some  full  cell  testing  in  fully  instrumented  11C"  size  cells  if  time  permitted. 

1  that  time  would  not  allow  for  the  manufacture  and  testing  of  "C"  size  cells,  but  full 
cell  testing  was,  nonetheless,  deemed  highly  desirable,  a  compromise  was  arranged  to 
perform  comprehensive  testing  with  hermetically  sealed  bobbin-type  1/2  AA  size  _ 
cells.  These  cells  required  lesser  amounts  of  catalyzed  carbon  and  were  more  readily 
manufactured  than  wound  "C"  size  cells,  but  still  provided  a  hermetically  enclosed 
environment  for  performance  evaluation. 

Standard  Battery  Engineering  Inc.  304  SS  hardware  was  used  to  house  the  test  cells. 
The  outer  dimensions  of  these  cells  are  14  mm  O.D.  by  24  mm  OAL.  The  cells  are  all 
can  positive,  i.e.  the  can  assumes  the  cathode  potential.  This  design  provides  a 
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distinct  advantage  in  the  manufacture  of  test  cells,  as  the  cathode  was  formed  in  situ, 
as  the  first  step  in  the  assembly  process,  thus  eliminating  the  need  to  handle  cathodes 
which  could  be  highly  delicate  in  nature.  This  design  also  provides  the  cathode  with 
an  integral  current  collector,  i.e.  the  can. 

Non-woven  glass  fiber  material  was  used  as  the  electrical  separator.  The  anode, 
consisting  of  high  purity  lithium  foil  pressure  bonded  to  .003"  thick  Hi  metal  foil, 
comprised  the  inner  concentric  cylinder  of  the  design.  The  anode  consisted  of  two 
separate  halves  and  the  inner  active  layer  was  spring  loaded  to  maintain  constant  1R 
levels  throughout  the  entire  discharge  as  per  Epstein  et  al.  (49).  The  cover  and  can 
were  joined  using  the  TIG  welding  technique.  The  cells  were  evacuated  and 
backfilled  with  1.8  M  Li  AICI4  in  SOCI2  electrolyte.  The  stoichiometry  of  the  test  cells 
was  carbon  limited  by  a  slight  margin,  at  least  with  uncatalyzed  cathodes. 


6.0  PERFORMANCE  TESTING 


6.1  SCREENING 


6.1.1  TEST  EQUIPMENT 

The  demountable  cell  used  to  conduct  initial  performance  screening  is  described  in 
the  previous  section.  Electrical  test  equipment  was  required  to  discharge  the 
individual  test  cells  in  a  controlled  manner  while  monitoring  the  parameters  of  both  . 
current  and  voltage.  In  order  to  assure  internal  uniformity  of  the  test  cells, 
equipment  was  also  required  to  perform  impedance  measurements  on  individual  cells 
prior  to  testing.  The  method  of  W.  J.  Hamer  (48)  was  used  to  determine  the  IR  of  test 
cells.  This.s  method  required  a  minimum  of  equipment  including  a  function 
generator,  two  digital  voltmeters,  and  a  simple  electrical  circuit.  A  schematic 
representation  of  the  equipment  used  in  IR  determination  is  depicted  in  Figure  2.  A 
Simpson  420  Function  Generator  was  used  to  generate  a  signal,  while  two  Fluke 
8062A  Digital  Multimeters  monitored  voltages.  System  accuracy  was  verified 
through  the  measurement  of  resistors  with  known  values. 

Electrical  performance  was  determined  potentiostatically  using  an  Electrosynthesis 
Corporation  Model  410  Potentiostatic  Controller  coupled  with  a  Sorenson  Model 
QSA10-1.4  Power  Supply.  Both  current  and  voltage  were  monitored  with  Fluke 
Model  8062A  Digital  -Multimeters. 


6.1.2  CELL  ASSEMBLY 

All  demountable  cell  hardware  was  thoroughly  dried  at  elevated  temperatures  prior 
to  use.  Stainless  steel  electrode  holders  were  cleaned  via  abrasive  techniques  to 
assure  good  mechanical  and  electrical  contact  to  the  electrodes.  All  cells  were 
cleaned  via  abrasive  techniques  to  assure  good  mechanical  and  electrical  contact  to 
the  electrodes.  All  cells  were  assembled  and  activated  with  electrolyte  inside  the  dry 
room. 

The  assembly  process  commenced  with  the  bonding  of  lithium  metal  to  the  backing 
plate  of  the  electrode  holder.  This  anode  subassembly  was  then  attached  to  the 
anodic  structural  support  via  the  support's  integral  spring  clips. 
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B.  CELL  UNDER  TEST,  C.  BLOCKING  CAPACITOR;  It.  LOAD  RESISTOR  FOR  CELL; 

Ft.  VARIABLE  RESISTOR  TO  ADJUST  THE  LEVEL  OF  AC  CURRENT;  S2.  SWITCH  TO  PLACE 
LOAD  ON  CELL.  NOTE;  WHEN  CELL  IS  UNDER  LOAD,  AN  INDICATOR  SHOULD  BE 
INSERTED  IN  THE  DC  CIRCUIT 
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Test  cathodes  were  prepared  by  cutting  1  cm  x  2  cm  sections  from  the  respective 
cathode  sheet.  A  section  measuring  1  cm  x  1  cm  was  isolated  in  the  center  of  the  test 
cathode;  the  active  material  from  the  remainder  of  the  cathode  was  removed,  thus 
exposing  the  expanded  nickel  current  collector.  The  exposed  current  collector  of  the 
test  cathode  was  resistance  welded  to  the  cathode  backing  plate,  which  was  attached 
to  the  cathodic  structural  support  via  integral  spring  clips. 

A  small  piece  of  lithium  metal  was  pressure  bonded  to  a  Ni  wire  current  collector  and 
inserted  into  the  blown  glass  reference  electrode  chamber  complete  with  Luggin 
capillary.  All  three  electrode  subassemblies  were  then  inserted  into  the  plastic 
tapered  fittings  and  secured  with  threaded  covers  and  TFE  "0"  rings. 

The  thermoplastic  cell  cover  was  fitted  with  a  protective  FEP  gasket  and  inserted 
onto  the  glass  body  of  the  cells  and  secured  by  tightening  the  threads.  The  three 
electrode  holder/tapered  fitting  subassemblies  were  then  inserted  into  the  empty  cell 
and  visually  aligned.  After  verifying  the  absence  of  short  circuiting  across  any  two  of 
the  three  electrodes,  the  test  cell  was  filled  with  electrolyte  from  a  small  volumetric 
container  through  one  of  the  two  open  ports  in  the  cell  cover.  The  filling  and  vent 
ports  were  subsequently  plugged  with  the  tapered  stoppers  and  cell  assembly  was 
complete. 


6.1.3  TEST  PROCEDURE 

Before  the  performance  testing  procedure  commenced,  the  IR  of  each  test  cell  was 
determined  in  order  to  assure  the  validity  of  comparative  performance  data.  The  IA 
was  adjusted  as  required  by  the  repositioning  of  the  working  and  reference  electrodes 
in  order  to  reduce  the  internal  impedance  variations  within  test  cells  to  an 
insignificant  level.  The  method  and  its  execution  provided  a  high  confidence  level  in 
the  data  generated.  Sometimes  the  IA  reading  was  excessively  nigh  and  could  not  be 
sufficiently  reduced  by  electrode  repositioning.  The  cause  of  this  phenomenon  was 
nearly  always  the  same:  one  or  both  of  the  active  layers  was  delaminating  from  the 
current  collector  of  the°working  electrode. 

Cathode  test  potentials  ranged  from  approximately  3.6  V  to  2.7  V  vs  lithium.  The 
test  procedure  began  invariably  by  allowing  the  system  to  establish  an  open  circuit 
voltage,  always  near  3.6  V.  The  operating  potential  of  the  working  electrode  was 
changed  stepwise  in  50  mV  increments  from  OCV  to  2.7  volts,  anaback  to  OCV 
again.  The  timing  of  the  process  was  carefully  controlled  in  order  that  no  cathode 
should  experience  increased  polarization  at  some  point  during  the  test  cycle  due  to 
capacity  limitations.  The  2.7  volt  cutoff  was  selected  as  it  is  well  below  the  potential 
at  whicn  the  Li-SOCl2  system  can  efficiently  operate.  Current  densities  of  catalyzed 
electrodes  ranged  from  approximately  34  to  75  mA/cm2.  Uncatalyzed  electrodes 
operated  at  45.50  mA/cm2  at  this  potential,  well  in  excess  of  what  can  be  reasonably 
expected  during  extended  periods  of  discharge  with  active  Li-SOCl2  cells. 

The  entire  screening  process,  including  setup  and  breakdown,  took  approximately 
1.5  -  2  hr  per  cell.  Accordingly,  four  or  five  electrodes  could  be  tested  per  day.  The 
process  was  quick,  efficient,  and  effective. 
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6.2  COMPREHENSIVE  TESTING 


6.2.1  TEST  EQUIPMENT 

Comprehensive  cathode  testing  was  performed  using  hermetically  sealed  standard 
1/2  AA  size  hardware.  Two  types  of  tests  were  performed.  Polarization  curves  were 
run  potentiostatically  using  the  equipment  of  Section  6.1.1.  Since  the  1/2  AA  test 
cells  were  not  fitted  with  provision  for  reference  electrodes,  the  reference  electrode 
terminal  of  the  potentiostat  was  connected  to  the  anodic  cell  terminal  to  prevent 
overloading. 

Capacity  testing  was  performed  on  the  1/2  AA  cells  by  the  application  of  160  Ohm 
resistive  loads  while  monitoring  cell  voltage  at  1  hour  intervals  with  a  Digitek  Model 
1000  Data  Logger.  This  represents  the  preferred  method  of  performing  capacity 
testing  on  finished  cells  at  Battery  Engineering  Inc. 


6.2.2  CELL  ASSEMBLY 

Can-positive  1/2  AA  cells  were  assembled  from  both  standard  uncatalyzed  and 
catalyzed  test  cathodes  using  Battery  Engineering  Inc.  standard  assembly 
techniques.  As  per  Section  4.0,  cathodes  were  formed  inside  the  cell  containers.  Into 
the  can/cathode  subassembly  were  inserted  the  separator,  anodes,  and  internal  - 
spring  assembly.  The  cover  assembly  with  integral  glass-to-metal  seal  and  fill  port 
was  inserted  and  the  subassembly  edge- welded  using  the  TIG  technique.  Test  cells 
were  then  evacuated  and  backfilled  with  electrolyte  before  closing  via  TIG. 


6.2.3  TEST  PROCEDURE 

Polarization  curves  were  run  with  the  1/2  AA  size  cells  using  the  same  technique 
described  in  Section  6.1.3.  Whenever  possible,  two  cells  were  tested  using  this 
technique;  material  limitations  prevented  this  in  some  cases. 

Capacity  testing  was  executed  simply  by  attaching  resistive  loads  in  parallel  to  the 
test  cells  after  they  were  electrically  connected  to  the  data  logger.  Measurements 
were  automatically  taken  at  hourly  intervals. 


7.0  CHEMICAL  STABILITY  TESTING 

The  chemical  stability  of  the  more  promising  catalyst  candidates  was  evaluated  by 
storing  sections  of  finished  cathodes  in  glass  ampules  with  1.8  M  LiAlCU  in  SOCI2 
electrolyte  and  subsequent  chemical  analysis. 

The  analytical  method  used  for  the  determination  of  Hi  and  Co  ions  in  solution  was  a 
modified  version  of  that  of  Harris  and  Sweet  (50),  According  to  this  method,  nickel 
and  cobalt  present  as  a  mixture  in  an  aqueous  solution  to  be  measured  are  reacted 
with  an  excess  of  a  standard  solution  of  ethylene  diamine  tetraacetic  acid  (EDTA)  in 
an  ammonium  hydroxide-ammopium  chloride  buffer,  then  the  excess  is  back  titrated 
with  standard  zinc,  using  eriochrome  black  T  as  the  indicator.  A  second  aliquot  of  the 
solution  to  be  measured  is  treated  in  an  acetate  buffer  with  a  solution  of  alpha- 
nitroso-beta-napthol  in  glacial  acetic  acid,  which  selectively  complexes  the  cobalt. 
The  complex  is  extracted  with  chloroform,  and  the  nickel  remaining  in  the  aqueous 
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phase  is  determined  as  before.  The  first  measurement  then  represents  the  sum  of  the 
nickel  and  cobalt,  while  the  second  represents  just  the  nickel. 

The  first  difficulty  with  this  approach  is  that  the  aluminum  present  in  the  aqueous 
test  solution  as  the  result  of  the  hydrolysis  of  the  electrolyte  sample  would  interfere 
with  the  analysis,  since  it  too  forms  a  complex  with  EDTA.  The  second  is  that  both 
the  precision  and  the  time  required  to  perform  the  analyses  are  adversely  affected  by 
using  an  excess  of  the  EDTA  plus  the  standard  zinc,  since  extra  uncertainties  are 
introduced  during  the  preparation  of  the  standard  zinc  and  the  titration  of  the  sample 
with  the  zinc.  Both  nickel  and  cobalt  can  be  directly  titrated  with  EDTA  at  pH  5  in 
an  acetate  buffer  using  xylenol  orange  as  the  indicator,  which  removes  the  second 
objection.  The  problem  remaining  is  that  the  cobalt  and  nickel  must  be  separated 
front  the  aqueous  matrix  containing  the  aluminum.  We  hoped  to  accomplish  each 
separation  in  turn  by  extracting  the  cobalt  as  the  alpha-nitroso-beta-napthol 
complex,  then  the  nickel  as  the  dintethyl  glyoxime  complex,  both  from  an  acetate 
buffer  into  chloroform.  The  metals  will  extract  back  into  aqueous  phase  containing 
HC1,  leaving  the  ligands  in  the  chloroform.  The  aqueous  solutions  could  then  be 
buffered  witn  sodium  acetate  and  titrated  with  EDTA,  using  xylenol  orange  as  the 
indicator. 


8.0  TEST  RESULTS 


8.1  DEMOUNTABLE  CELL 

The  following  spinels  were  prepared  at  a  level  of  5%  on  Shawinigan  black,  as 
described  in  section  3.1,  in  order  to  compare  their  performance  versus  a  carbon-only 
control.  This  first  group  was  made  using  the  wet  press  technique: 


Ni(l/2)Co(3/2)0(3) 
Ni  (5/6)  Co  (7/6)0(3) 
Ni  (7/6)  Co  (5/6)0(3) 
NiCoO(3) 

Ni  (2/3)  Co  (4/3)0(3) 
Mg(2/3)Al(4/3)0(3) 


Ni(3/2)Co(l/2)0(3) 
Ni  (1/3)  Co  (5/3)0(3) 
Ni(5/3)Co(l/3)0(3) 
Ni(4/3)Co(2/3)0(3) 
Ni  (2/3)  A1  (4/3)0(3) 
MnCr(2)0(4) 


MgFe(2)0(4) 

This  second  group  was  prepared  using  the  dry  press  technique: 


Co  (2)0(3)  NiCoO(3) 

Ni(4/3)Co(2/3)0(3)  Ni(2/3)Co(4/3)0(3) 

MnCoO(3)  Mn(2)0(3) 

MnFeO(3)  Fe  (2)0(3) 
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Tile  following  two  perovskites  were  also  prepared  at  a  level  of  5%  on  Shawinigan 
black: 


La(6)Sr(4)CoO(3)  La(4)Sr(6)CoO(3) 


The  current  in  milliamps  versus  the  potential  in  volts  for  these  test  samples  is  shown 
in  Figures  3  through  8,  at  the  same  time  comparing  each  with  the  reference  carbon 
electrode.  The  best  of  all  of  these  samples  was  the  wet  pressed  Ni  (2/3)Co(4/3)0(3) 
which  more  than  doubled  the  current  density  at  low  current,  and  at  currents  nigher 
than  20  mA  nearly  doubled  the  current,  relative  to  uncatalyzed  Shawinigan  black. 
All  of  the  nickel-cobalt  spinels  showed  at  least  a  moderate  decree  of  catalytic  activity, 
particularly  those  richer  in  cobalt.  Co(2)0(3) ,  however,  showed  no  catalytic  activity 
at  all  relative  to  the  Shawinigan  black  control. 


8.2  HERMETIC  1/2  AA  CELLS 

Due  to  the  rather  small  sample  size  resultant  from  time  constraints  and  limited 
catalyst  amounts,  the  data  obtained  from  limited  testing  of  the  1/2  AA  cells  is  most 
suitable  for  the  indication  of  performance  trends  and  tendencies  as  opposed  to  the 
generation  of  precise  numerical  data.  Furthermore,  maintaining  the  internal 
uniformity  of  a  small  number  of  cells  constructed  from  a  wide  variety  of  cathode 
materials  by  hand  assembly  methods  is  difficult  at  best.  In  general,  the  data  is  much 
in  accordance  with  that  generated  with  the  flooded  test  cell  configuration. 


8.2.1  POLARIZATION  TESTS 

Polarization  test  data  appear  in  Figure  9.  The  MnCo  spinel  clearly  outperformed  all 
other  spinel  catalysts  and  SAB  throughout  the  range  test  potentials  by  a  significant 
degree.  This  is  in  contrast  to  the  results  of  the  demountable  cell  polarization  tests, 
where  the  MnCo  showed  good  potential  as  a  catalyst,  performing  as  well  as  most  of 
the  NiCo  spinels,  but  not  as  well  as  the  NiCo2  formulation.  The  most  surprising 
aspect  of  this  test  is  the  degree  by  which  the  MnCo  spinel  outperformed  the  other 
catalysts.  NiCo  exhibited  the  next  best  levels  of  performance,  falling  well 
short  of  the  MnCo  performance  levels,  Particularly  at  high  current  densities,  but 
performing  better  than  the  other  NiCo  formulation,  as  well  as  the  control  cells 
throughout  the  range  of  test  potentials. 

NisCo,  Ni2Co,  NiCo3,  and  NiCos  all  outperformed  the  control  cells  throughout  the 
range  of  test  Potentials,  albeit  by  a  lesser  margin,  particularly  at  the  lower  current 
densities.  This  data  is  not  inconsistent  with  that  of  the  flooded  demountable  cell  tests. 

NiCo2  and  Ni^Co  did  not  outperform  the  control  cells  at  currents  below  15  mA, 
although  at  higher  currents  they  exhibited  markedly  less  polarization.  This  is  in 
contrast  with  demountable  cell  test  data,  at  least  with  respect  to  NiCo2,  which 
demonstrated  the  best  performance  characteristics  of  the  group  when  tested  in  the 
demountable  cell. 

Overall,  polarization  testing  of  hermetic  1/2  AA  cells  resulted  in  a  few  surprises  when 
compared  to  analagous  demountable  cell  test  results,  although  most  of  the 
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data  substantiates  the  -previous  results,  at  least  to  a  certain  extent.  When 
interpreting  the  data,  one  must  consider  a  number  of  factors,  including  sample  size, 
variability  m  manufacture  surface  phenomena,  and  the  different  manufacturing 
methods,  i.e.  wet  and  dry,  for  demountable  cell  cathodes.  The  objective  of  Phase  I  of 
the  program  was  to  manufacture  and  quickly  evaluate  a  number  of  potential  catalyst 
candidates.  The  purpose  of  full  cell  testing,  basically,  was  to  validate  the  results  of 
the  flooded  cell  tests.  High  current  densities  were  achieved  with  cells  of  low-rate 
bobbin-type  design  because  of  the  time  constraints  of  the  program.  In  order  to  fully 
evaluate  these  catalysts,  a  matrix  of  at  least  20  with  each  type  of  catalvst  would  have 
to  be  discharged  fully  at  different  rates  at  each  test  temperature.  The  mil  cell 
polarization  testing  served  as  a  vehicle  to  compare  E  vs  i  characteristics  of  cells 
featuring  a  number  of  different  cathode  catalysts  vs  control  cells. 

In  the  final  analysis,  it  can  be  said  that  all  eight  catalysts,  which  showed  good 
potential  when  screened  initially  in  the  demountable  test  cell,  also  showed  good 
potential  when  integrated  into  actual  production-type  cells,  at  least  with  respect  to 
polarization  testing.  Although  the  test  results  are  not  necessarily  definitive,  they  are 
indicative  that  most  Ni/Co  combinations  and  the  one  Mn/Co  combination-based 
catalysts  manufactured  under  the  program  can  enhance  the  operating  voltage  of  a 
standard  Li-SOCl2  cell  to  greater  and  lesser  degrees.  These  results  are,  in  turn, 
indicative  of  the  success  of  the  Phase  I  program. 


8.2.2  CONSTANT  LOAD  DISCHARGE  TESTS 

Control  cells,  as  well  as  those  with  catalyzed  cathodes  of  each  type  as  tested  in 
Section  8.2.1,  were  selected  at  random  from  the  group  for  discharge  testing.  In  that 
time  permitted  only  the  testing  of  two  cells  of  each  type,  the  results  of  this  testing  are 
far  from  being  conclusive.  The  1/2  AA  cell  design  has  3.77  cm2  of  electrode  surface 
area.  The  purpose  of  this  particular  test  was  to  verify  the  operating  voltage 
improvements  observed  in  the  tests  of  Sections  8.1  and  8.2.1,  as  well  as  determine  the 
effect,  if  any,  these  catalysts  would  have  upon  cathode  utilization.  Since  the  purpose 
of  cathode  catalysts  is  to  improve  cathodic  efficiency  at  high  rates  of  discharge,  this 
group  of  cells  was  discharged  at  a  rate  approximately  twice  that  for  which  these  cells 
were  designed.  Accordingly,  160  Ohm  resistors  were  used.  Current  densities  at 
operating  potentials  are  as  follows: 

E(V)  i(mA)  I(mA/cm2) 

3.4  21.3  5.6 

3.2  20  5.3 

2.9  18.1  4.8 

Although  these  current  densities  are  considerably  less  than  the  upper  limits  of  those 
of  the  floating  cell  polarization  tests  (40-75  mA/cm2)  or  the  1/2  AA  polarization  tests 
(6.4-22.9  mA/cm2),  they  are  near  the  upper  limit  of  those  that  can  be  realistically 
achieved  with  this  particular  cell  design.  The  data  of  this  test, which  appears  in 
Figure  10,  should  be  compared  to  data  for  the  corresponding  current  densities  of  the 
two  types  of  a-polarization  tests. 

All  of  the  catalysts  employed  were  successful  in  significantly  increasing  the 
operating  voltage  of  test  cells.  Control  cells  operated  at  approximately  2.92  volts, 
whereas  catalyzed  ce^s  operated  in  the  range  from  3.26  to  3.40  volts.  This  data  is 
more  impressive  when  one  considers  that,  since  the  test  cells  were  discharged 
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through  resistive  loads  of  equal  value,  the  catalyzed  cells  were  being  discharged  at 
currents  10-15%  in  excess  of  that  of  control  cells. 

Five  of  the  different  experimental  cell  types  manifested  operating  voltages  between 
3.35  and  3.4  V :  Ni2Co,  NiCo,  NiaCo,  NiCo2,  and  NisCo.  The  remaining  two  types, 
NiCo3  and  MnCo,  operated  at  approximately  3.25  V.  The  MnCo  exhibited  the  best 
performance  in  the  polarization  tests  of  1/2  AA  cells  but  was  not  a  standout  in  the 
course  of  the  discharge  testing.  This  could  have  been  due  to  some  internal  cell 
problems,  such  as  partial  short  circuiting,  or  it  could  be  that  the  catalyst  is  not 
suitable  for  long  term  discharge.  The  latter  premise  is  supported  by  the  fact  that 
gradual  deterioration  of  the  operating  voltage  occurs  throughout  discharge. 

Three  catalyst  types  did  not  achieve  the  capacity  of  the  SAB:  -NisCo,  NiCo2,  and 
NisCo.  Two  catalyst  types  achieved  approximately  equal  discharge  capacities:  NiCo 
and  MnCo.  Two  catalyst  types  generated  higher  discharge  capacities  tnan  SAB: 
NiCo3  and  Ni2Co. 

The  one  aspect  of  this  test  that  clearly  stands  out  is  that  higher  operating  voltages 
can  definitely  be  achieved  through  the  use  of  spinel-type  cathode  catalysts.  Whether 
or  not  their  use  improves  cathode  utilization  has  not  been  clearly  demonstrated.  Due 
to  the  excessively  high  rates  of  discharge,  no  test  result  approached  the  theoretical  ' 
cell  capacity  of  approximately  1.0  Ahr. 


8.3  CHEMICAL  STABILITY  TESTS 

A  total  of  5  samples  were  analyzed  for  the  presence  of  nickel  and  cobalt  ions  in 
solution  via  titration  according  to  the  method  of  Harris  and  Sweet  (50)  with 
modifications  necessitated  by  the  presence  of  aluminum  ions  in  the  electrolyte.  Of 
the  5  samples,  one  was  a  blank  and  one  a  standard  containing  1.0  mg  of  both  Ni  and 
Co  ions.  The  remaining  3  were  unknowns  prepared  by  storing  Ni:Co  ratios  5:1, 1:1, 
and  1:5,  in  5  ml.  aliquots  of  1.8  M  Li AICI4  in  SOCI2  electrolyte  for  two  months. 

Alpha-nitroso-betanapthol  was  added  to  the  buffered  solutions  containing  the 
samples  prior  to  extracting  the  Ni  and  Co-containing  samples  from  the  aluminum- 
rich  phase.  The  production  of  a  case  of  the  standard  solution  indicated  red-orange 
color  in  the  ions  in  the  standard  solution  but  not  in  the  presence  of  cobalt  the  ease  of 
the  electrolyte  samples. 

After  the  extraction  of  the  Co-lnitroso-2-napthol  and  Ni-dimethyl-gloxine  into 
chloroform,  an  attempt  was  made  to  break  the  -complex  with  2M  HC1  in  order  to 
obtain  aqueous  solutions  of  Ni  and  Co  without  A1  contamination.  In  none  of  the  5 
solutions  was  either  Ni  or  Co  detected.  Thus,  the  EDTA  titrations  were  not 
necessary. 

The  limits  of  detection  were  determined  by  titration  of  aluminum-free  standard 
solutions  to  be  0.7  mg  for  nickel  and  1.5  mg  for  cobalt.  We  can  therefore  say  at  this 
point  that  if  either  the  cobalt  or  the  nickel  did  leach  from  the  cathode  samples,  the 
amounts  present  were  less  than  these  stated  minimum  values.  Atomic  absorption 
would  be  better  suited  for  this  analysis. 
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9.0  CONCLUSIONS 


As  stated  in  the  original  proposal,  the  goal  of  the  work  conducted  under  the  terms  of 
this  program  was  the  improvement  of  current  state-of-the-art  Li/SOCl2  battery 
technology  through  the  use  of  carbon-based  cathodes  containing  advanced  non-noble 
catalysts.  Initial  electrochemical  performance  and  chemical  stability  testing  was 
performed  in  order  to  verify  and  quantify  improvements  made  to  the  basic  L1/SOCI2 
system  through  the  use  of  spinel  and/or  perovskite  based  cathode  catalysts. 

Ultimately  the  use  of  seven  different  catalyst  types  resulted  in  performance 
improvements  when  applied  to  the  Li/SOCl2  system.  These  improvements  were 
indicated  in  the  polarization  testing  of  glass-bodied  flooded  electrolyte  test°cells,  and 
substantiated  in  both  polarization  and  long-term  discharge  testing  of  hermetically 
sealed  production-type  1/2  AA  cells.  Whereas  all  seven  of  the  successful  catalyst 
types  (oxides  of  MnCo,  NiCos,  NiCo3,  NiCo2,  NiCo,  N^Co,  Ni3Co,  and  NisCo) 
demonstrated  improved  operating  voltages  in  the  Li/SOCl2  system,  the  use  of  the 
NiCo3  and  Ni2Co  based  catalyst  types  clearly  demonstrated  improved  cathode 
utilization  at  high  discharge  rates.  It  is  possible  that  improved  cathode  utilization 
could  be  realized  with  all  seven  of  these  catalyst  types;  however,  more  comprehensive 
testing  would  be  required  to  demonstrate  this. 

Chemical  stability  testing  indicated  that  at  least  the  nickel  /  cobalt  oxide-based 
combinations  were  stable  in  SOCl2-based  electrolyte  for  at  least  two  months.  Due  to 
the  limitations  of  our  test  methodology  and  the  time  limitations  of  a  Phase  1  program 
to  perform  such  testing,  these  results  are  not  conclusive.  Had  the  catalysts  been  even 
moderately  unstable  in  SOCl2-based  electrolyte,  however,  the  testing  would  have 
indicated  so. 

Based  upon  the  results  of  this  program,  one  can  conclude  that  the  spinel-based 
cathode  catalysts  tested  herein  showed  great  promise  for  application  to  the  Li/S06l2 
system.  A  number  of  different  catalysts  improved  the  discharge  performance  of 
Li/SOCl2  cells  while  remaining  chemically  stable  in  SOCl2-based  electrolyte 
solutions  for  two  month  perions  at  ambient  temperature.  A  number  of  questions  still 
remain  with  regard  to  these  spinel-based  catalysts.  These  could  be  answered  during 
the  course  of  a  Phase  2  program  devoted  to  the  study  of  spinel-based  catalysts  for 
L/SOCI2  batteries. 

Among  the  remaining  questions,  chemical  stability  is,  perhaps,  the  most  acute.  A 
definitive  answer  could  be  given  this  question  through  long  term  storage  and 
performance  evaluation  of  Li/SOCl2  cells  containing  spinel-based  catalysts  and/or 
electrolyte  analysis  via  atomic  absorption.  Nearly  as  acute  a  question  is  how  each  of 
the  seven  catalyst  types  would  perform  in  high-rate  hermetically  sealed  cells,  such  as 
the  C  size  cells  used  by  Abraham  et  al.  (1). 
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FIGURE  1.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELHER  257 
SPECTROPHOTOMETER  AND  A  10  MM  PATHLENGTH  TYPE  I 
QUARTZ  CELL  VERSUS  AN  EMPTY  QUARTZ  CELL.  2M  DIS¬ 
TILLED  ALCLa  IN  THIONYL  CHLORIDE,  BEFORE  REFLUXING. 

FIGURE  2.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  257 
SPECTROPHOTOMETER  AND  A  10  MM  PATHLENGTH  TYPE  I 
QUARTZ  CELL  VERSUS  AN  EMPTY  QUARTZ  CELL.  2M  DIS¬ 
TILLED  ALCLa  IN  THIONYL  CHLORIDE,  AFTER  REFLUXING. 

FIGURE  3.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELHER  137 
SPECTROPHOTOMETER,  SODIUM  CHLORIDE  WINDOWS,  AND  A 
SPACER  0.10  MM  THICK.  ONE  MOLAR  LIALCL4  IN  THIONYL 
CHLORIDE. 

FIGURE  4.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELHER  137 
SPECTROPHOTOMETER,  SODIUM  CHLORIDE  WINDOWS,  AND  A 
SPACER  0.10  MM  THICK.  PARTIAL  SPECTRUM  OF  A  1  MOLAR 
SOLUTION  OF  ALUMINUM  CHLORIDE  IN  THIONYL  CHLORIDE 
TREATED  FIRST  WITH  AN  EQUIVALENT  AMOUNT  OF  SULFUR 
TRIOXIDE,  THEN  AN  EQUIVALENT  AHOUNT  OF  LITHIUM 
CHLORIDE.  THE  REGION  OF  THE  SPECTRUM  BETWEEN  2.5 
AND  4.5  MICRONS  WAS  TAKEN  IN  A  10  MM  PATHLENGTH 
QUARTZ  CELL  VERSUS  AN  EMPTY  QUARTZ  CELL,  AND  SHOWS 
THAT  THE  SOLUTION  WAS  NEARLY  FREE  OF  HYDROLYSIS 
PRODUCTS. 

FIGURE  5.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  137 
SPECTROPHOTOMETER,  SODIUM  CHLORIDE  WINDOWS,  AND  A 
SPACER  0.10  MM  THICK.  A  1  MOLAR  SOLUTION  OF  ALCL3 
IN  SOCL2  REACTED  WITH  AN  EQUIV  „ENT  AHOUNT  OF  DRIED 
LITHIUM  METHANESULFONATE. 
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FIGURE  6.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  137 
SPECTROPHOTOMETER,  SODIUH  CHLORIDE  WINDOWS,  AND  A 
SPACER  0.10  MM  THICK.  A  1  MOLAR  SOLUTION  OF  ALCL3 
IN  SOCL2  REACTED  WITH  AN  EQUIVALENT  AMOUNT  OF  DRIED 

LITHIUM  CHLOROACETATE.  C~20 


FIGURE  7.  INFRARED  SPECTRUH,  USING  THE  PERKIN-ELMER  137 
SPECTROPHOTOMETER,  SODIUM  CHLORIDE  WINDOWS,  AND  A 
SPACER  0.10  MM  THICK.  A  1  MOLAR  SOLUTION  OF  ALCL3 
IN  SOCL2  REACTED  WITH  AN  EQUIVALENT  AMOUNT  OF  DRIED 

LITHIUM  TRIFLUOROACETATE.  C-21 


FIGURE  8.  INFRARED  SPECTRUH,  USING  THE  PERKIN-ELMER  137 
SPECTROPHOTOMETER  WITH  A  DEMOUNTABLE  CELL,  SODIUM 
CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MM  THICK.  ONE 
MOLAR  ALCLa  IN  THIONYL  CHLORIDE  TREATED  FIRST  WITH 
AN  EQUIVALENT  AMOUNT  OF  97%  LITHIUM  TRIFLUORO- 
HETHANE  SULFONATE  AND  THEN  AN  EQUIVALENT  AMOUNT  OF 
LITHIUM  CHLORIDE. 
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FIGURE  9.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  137 
SPECTROPHOTOMETER  WITH  A  DEMOUNTABLE  CELL,  SODIUM 
CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MH  THICK.  ThIO- 
NYL  CHLORIDE  SATURATED  WITH  97%  LITHIUM  TRIFLUORO- 

METHANE  SULFONATE.  C-23 

FIGURE  10.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER 
137  SPECTROPHOTOMETER  WITH  A  DEMOUNTABLE  CELL, 

SODIUM  CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MH 
THICK.  THIONYL  CHLORIDE  WITH  1  M  ALUMINUM  (III).  A 
MOLAR  EQUIVALENT  AMOUNT  OF  ALCL  3  HAD  BEEN  MELTED 
WITH  SULFUR,  DISSOLVED  IN  SOCLa,  AND  THEN  TREATED 

WITH  AN  EQUIVALENT  AMOUNT  OF  LICL.  c_24 

FIGURE  11.  INFRARED  SPECTRUM  OF  1M  LIALCL4/SOCL3,  THE 
SALT  HAVING  FIRST  BEEN  HEATED  TO  400°C.  AND  THE 
MELT  SATURATED  WITH  CHROMATOGRAPHIC  GRADE  ALPHA 
ALUMINA,  THE  MIXTURE  THEN  DISSOLVED  IN  SOCLa.  DE¬ 
MOUNTABLE  CELL  WITH  0.1MM  PATHLENGTH  SPACER,  SODIUH 
CHLORIDE  WINDOWS.  SPECTRUM  INCLUDES  POLYSTYRENE 

REFERENCE  PEAKS.  C-25 

FIGURE  12.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER 
137  SPECTROPHOTOHETER  WITH  A  DEMOUNTABLE  CELL, 

SODIUM  CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MM 
THICK.  ALSO  WITH  A  10  MH  PATHLENGTH  QUARTZ  CELL 
VERSUS  AN  EMPTY  CELL  (2.5  TO  4.5  MICRONS  ONLY). 

THIONYL  CHLORIDE  WITH  ABOUT  2M  ALUMINUM  (III). 

ALCL a  DISSOLVED  IN  THIONYL  CHLORIDE  HAD  BEEN 
REACTED  WITH  A  MOLAR  EQUIVALENT  AMOUNT  OF  WATER, 

REFLUXED  16  HOURS,  AND  THEN  TREATED  WITH  AN 

EQUIVALENT  AMOUNT  OF  LICL.  C-27 

FIGURE  13.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER 
137  SPECTROPHOTOMETER  WITH  A  DEMOUNTABLE  CELL, 

SODIUM  CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MM 
THICK.  ALSO  WITH  A  10  MM  PATHLENGTH  QUARTZ  CELL 
VERSUS  AN  EMPTY  CELL  (2.5  TO  4.5  MICRONS  ONLY). 

THIONYL  CHLORIDE  WITH  ABOUT  2M  ALUMINUM  (III). 

ALCL s  DISSOLVED  IN  THIONYL  CHLORIDE  HAD  BEEN 
REACTED  WITH  AN  80%  MOLAR  EQUIVALENT  AMOUNT  OF 
WATER,  REFLUXED  16  HOURS,  AND  THEN  TREATED  WITH  AN 

EQUIVALENT  AMOUNT  OF  LICL.  c_28 

FIGURE  14.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER 
137  SPECTROPHOTOMETER  WITH  A  DEMOUNTABLE  CELL, 

SODIUM  CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MM 
THICK.  ALCLa  DISSOLVED  IN  THIONYL  CHLORIDE  HAD  BEEN 
REACTED  WITH  AN  80%  MOLAR  EQUIVALENT  AMOUNT  OF 
WATER,  REFLUXED  16  HOURS,  AND  THEN  TREATED  WITH  AN 
EQUIVALENT  AMOUNT  OF  LICL.  THIS  SOLUTION  WAS  THE 

SAME  AS  IN  FIGURE  13,  BUT  DILUTED  TO  1  MOLAR.  C-29 
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FIGURE  15.  INFRARED  SPECTRUM/  USING  THE  PERKIN-ELMER 
137  SPECTROPHOTOMETER  WITH  A  DEMOUNTABLE  CELL, 

SODIUM  CHLORIDE  WINDOWS/  AND  A  SPACER  0.10  HM 
THICK.  THIONYL  CHLORIDE  WITH  1  H  ALUMINUM  (III).  A 
MOLAR  EQUIVALENT  AMOUNT  OF  DISTILLED  ALCL,  HAD  BEEN 
TREATED  WITH  AN  EQUIVALENT  AHOUNT  OF  DRIED  LI CL 

WITHOUT  REFLUXING.  C-30 

FIGURE  16.  •  RECORDER  PLOTTED  STARTUP  PROFILES  FOR 
CONTROL  CELLS.  LOAD,  100  OHHS  (ABOUT  36  MILLIAHPS 
OR  4.2  MA/CM3).  6  CM/HIN;  10  =  ZERO  VOLTS,  50  =  4 

VOLTS  C-32 

FIGURE  17.  RECORDER  PLOTTED  STARTUP  PROFILES  FOR  CELLS  *' 

CONTAINING  ELECTROLYTE  SATURATED  WITH  LITHIUM 
CHLOROACETATE.  LOAD,  100  OHMS  (ABOUT  36  MILLIAMPS 
OR  4.2  MA/CM3 ) .  6  CM/MIN;  10  =  ZERO  VOLTS,  50  =  4 

VOLTS .  C-33 


FIGURE  18.  RECORDER  PLOTTED  STARTUP  PROFILES  FOR  CELLS 
CONTAINING  ELECTROLYTE  SATURATED  WITH  LITHIUM  ME¬ 
THANE  SULFONATE.  LOAD,  100  OHMS  (ABOUT  36  MILLIAHPS 
OR  4.2  HA/CM’).  6  CM/MIN;  10  =  ZERO  VOLTS,  50  =  4 

VOLTS  C-34 


FIGURE  19.  DISCHARGE  PROFILE  FOR  CELL  33-37-1,  OMITTING 
THE  FIRST  16  HOURS,  16  MINUTES. 


C-36 


FIGURE  20.  DISCHARGE  PROFILE  FOR  CELL  33-37-5.  C-37 

FIGURE  21.  DISCHARGE  PROFILE  FOR  CELL  33-37-7.  c_38 

FIGURE  22.  DISCHARGE  PROFILE  FOR  CELL  26-84-2,  USING 
THE  LAST  TWO  DATA  FILES.  AMBIENT  TEMPERATURE,  25.65 
MA  (3  MA/CM3  OF  ANODE  SURFACE  AREA).  ELECTROLYTE, 

1M  ALCWSOCLjt,  SATURATED  FIRST  WITH  LI(CF,SO,), 

THEN  LICL.  C-39 


FIGURE  23.  DISCHARGE  PROFILE  FOR  CELL  26-84-5,  USING 
THE  LAST  TWO  DATA  FILES.  AMBIENT  TEMPERATURE,  25.65 
MA  (3  MA/CM3  OF  ANODE  SURFACE  AREA).  ELECTROLYTE, 
1M  ALCL,/SOCL„  TREATED  FIRST  WITH  50  MM  OF  SO,, 
THEN  SATURATED  WITH  LI  a. 

FIGURE  24.  DISCHARGE  PROFILE  FOR  CELL  37-12-1,  USING 
THE  LAST  TWO  DATA  FILES.  AMBIENT  TEMPERATURE,  25.65 
MA  (3  HA/CM3  OF  ANODE  SURFACE  AREA).  ELECTROLYTE, 
1M  ALUMINUM  (III),  IN  WHICH  ALCL,  WAS  FIRST 'MELTED 
WITH  A  MOLAR  EQUIVALENT  AMOUNT  OF  SULFUR,  DISSOLVED 
IN  THIONYL  CHLORIDE,  THEN  SATURATED  KITH  LICL. 


C-40 


C-41 
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FIGURE  25.  DISCHARGE  PROFILE  FOR  CELL  37-12-6,  USING 
THE  LAST  TWO  DATA  FILES.  AMBIENT  TEMPERATURE,  25.65 
HA  (3  MA/CM*  OF  ANODE  SURFACE  AREA).  ELECTROLYTE, 

1M  ALUMINUM  (III),  IN  WHICH  ALCLs  WAS  FIRST  DIS¬ 
SOLVED  IN  THIONYL  CHLORIDE,  REACTED  WITH  AN  80  MOLE 
PERCENT  OF  WATER,  REFLUXED  16  HOURS,  THEN  SATURATED 

WITH  LICL.  C-42 

FIGURE  26.  INFRARED  SPECTRUH  OF  PURE  THIONYL  CHLORIDE, 

USING  TWO  SEPARATE  RUNS.  DEMOUNTABLE  CELL  WITH 

0.1KM  PATHLENGTH  SPACER,  SODIUM  CHLORIDE  WINDOWS.  C~44 

• 

FIGURE  27.  INFRARED  SPECTRUM  OF  1M  ALCLs/  SOCLa,  SAT¬ 
URATED  FIRST  WITH  LI(CFsSOs),  THEN  LICL,  USED  TO 
FILL  CELLS  26-84-1  THROUGH  -3.  DEMOUNTABLE  CELL  • 

WITH  0.1MM  PATHLENGTH  SPACER,  SODIUM  CHLORIDE  WIN-.' 

DOWS.  C~45 

FIGURE  28.  INFRARED  SPECTRUM  OF  1M  ALCLs/  SOCLa, 

TREATED  FIRST  WITH  50  MM  OF  SOs,  THEN  SATURATED 
WITH  LICL,  USED  TO  FILL  CELLS  26-84-4  THROUGH  -6. 

DEMOUNTABLE  CELL  WITH  0.1MM  PATHLENGTH  SPACER, 

SODIUM  CHLORIDE  WINDOWS.  SPECTR'M  INCLUDES  POLY¬ 
STYRENE  REFERENCE  PEAKS.  C-46 


FIGURE  29.  INFRARED  SPECTRUM  OF  1M  ALCLs/  SOCLa, 

SATURATED  FIRST  WITH  LI(CHsSOs),  THEN  LICL,  USED  TO 
FILL  CELLS  33-37-7  THROUGH  -9.  DEMOUNTABLE  CELL 
WITH  O.IMM  PATHLENGTH  SPACER,  SODIUM  CHLORIDE 

WINDOWS.  SPECTRUM  INCLUDES  POLYSTYRENE  REFERENCE 

PEAKS.  C-47 

FIGURE  30.  INFRARED  SPECTRUM  OF  1M  ALCLs/  SOCLa,  SAT¬ 
URATED  FIRST  WITH  LI(CHaCLCOO),  THEN  LICL,  USED  TO 
FILL  CELLS  33-37-4  THROUGH  -6.  DEMOUNTABLE  CELL 
WITH  O.IMM  PATHLENGTH  SPACER,  SODIUM  CHLORIDE 

WINDOWS.  SPECTRUM  INCLUDES  POLYSTYRENE  REFERENCE 

PEAKS.  C-48 
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CHAPTER  1 
INTRODUCTION 

Lithium/  thionyl  chloride  cells  have  long  been  recognized  for  their  high  energy 
density,  moderately  high  power  density  with  appropriate  electrode  area,  nearly 
constant  potential  discharge  characteristic,  ease  of  construction  from  relatively 
inexpensive  and  readily  available  components,  and  amenability  to  hermetic  construc¬ 
tion.  The  ‘closest  competitor  in  this  field  has  been  the  lithium/  sulfur  dioxide 
primary  system  with  organic  solvents,  but  the  energy  density  is  inferior  to  that 
possible  with  lithium/  thionyl  chloride  cells. 

Because  of  the  significant  advantages  which  the  lithium/  thionyl  chloride  electro¬ 
chemical  system  offers,  interest  has  abided  in  attempting  to  improve  its  startup  or 
voltage  delay  characteristic  and  tolerance  to  discharge  at  higher  current  densities, 
both  at  ambient  and  at  reduced  temperatures.  During  this  present  study,  we  have 
addressed  these  issues  by  exploring  new  electrolyte  salts  for  lithium/  thionyl 
chloride  cells.  We  have  followed  principles  which  have  been  successful  in  the  past, 
namely,  by  preparing  lithium  salts  of  large  anions  with  reduced  tendency  to  exchange 
with  solid  lithium  chloride.  Unlike  their  predecessors,  the  salts  to  be  studied 
required  considerably  less  expensive  starting  materials,  were  more  easily  prepared, 
and  were  not  subject  to  redox  reactions  in  thionyl  chloride. 

Steps  leading  to  the  development  of  the  voltage  delay  problem  in  lithium/  thionyl 
chloride  cells  are  now  well  known.  A  thin  film  of  lithium  chloride  begins  to  form  on 
the  surface  of  lithium  as  soon  as  it  contacts  thionyl  chloride  containing  lithium 
tetrachloroaluminate.  The  film  prevents  rapid  chemical  reaction  between  the  lithium 
and  the  thionyl  chloride  because  it  is  nearly  insoluble.  Since  solid  lithium  chlor¬ 
ide  has  a  conductivity  of  1.2  x  10"10  S  cm-1  at  room  temperature  [1],  due  entirely 
to  conduction  by  lithium  ion  [2],  a  sufficiently  thin  layer  of  lithium  chloride  vill 
act  as  a  second  electrolyte  in  series  vith  the  liquid  phase,  or  a  solid  electrolyte 
interphase  (SEI)  [3].  When  corrosion  of  the  lithium,  as  the  result  of  extended 
storage  or  storage  at  elevated  temperature,  causes  the  film  to  become  excesively 
thick,  a  substantial  IR  potential  drop  occurs  across  the  SEI  at  the  onset  of  dis¬ 
charge.  The  thick  film  is  undercut  by  the  electrolyte  as  discharge  causes  the  li¬ 
thium  to  shrink  away  from  it.  The  thick  film  is  replaced  by  a  thin  one,  and 
discharge  proceeds  at  a  higher  potential. 

Proposed  methods  to  alleviate  the  voltage  delay  problem  have  been  previously  dis¬ 
cussed  [4,  5).  The  objective  is  to  prevent  the  lithium  chloride  SEI  film  from  be¬ 
coming  thicker  than  it  must  be  to  protect  the  metal  from  the  electrolyte.  While 
substantial  improvements  are  possible  by  removing  hydrolysis  products  and  iron  from 
the  electrolyte,  cleaning  the  electrolyte  alone  is  insufficient  to  reduce  the  delay 
to  an  acceptable  level.  Exchange  of  the  lithium  chloride  layer  vith  species  in  solu¬ 
tion  contributes  to  the  growth  of  the  film,  since  exchange  causes  larger  crystals  in 
the  film  to  grow  at  the  expense  of  smaller  ones.  Where  the  salt  film  is  thinnest, 
reorientation  of  the  material  in  the  layer  allows  the  electrolyte  access  to  the  me¬ 
tal,  and  corrosion  is  encouraged.  High  concentrations  of  lithium  ion  increase  the 
concentration  of  LiaCl+,  in  effect,  increasing  the  solubility  of  lithium  chloride 
and  disturbing  the  SEI  (6,  7).  The  electrolyte  salt  LiAlCl«  is  also  in  constant 
equilibrium  vith  dissolved  AICI3  and  solid  LiCl.  Unfortunately,  lowering  the  concen- 
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tration  of  LiAlCl4  to  decrease  the  voltage  delay  reduces  the  rate  capability  of  the 
carbon  cathode. 

The  use  of  lover  concentrations  of  soluble  lithium  salts  vith  large  anions  has  been 
found  effective  in  eliminating  voltage  delay  without  compromising  rate  capability. 
One  example  is  that  of  the  closoborate  salts  LUBioClxo  and  LiiBiaClia,  which  at 
0.25  molar  were  as  effective  as  1.8M  LiAlCl4  in  providing  adequate  rate  capability 
in  wound  D  cells  (8).  The  SEI  films  vere  equivalent  to  the  very  thin  films  produced 
in  thionyl  chloride  without  electrolyte  salt.  The  effects  vere  attributed  to  the  low 
mobilities  of  the  large  anions,  and  to  the  effective  reduction  in  exchange  between 
the  SEI  and  the  solution.  The  salts  are  expensive  and  react  when  heated  vith  thionyl 
chloride.  A  second  example  is  LiGaCl4/  which  markedly  increases  the  rate  capability 
of  wound  cells  (91,  but  which  is  also  considerably  more  expensive  than  LiAlCl4. 

Vallin  and  covorkers  have  suggested  using  LiAl(S03Cl)4  as  an  additive,  present  at  a 
level  of  only  one  percent  in  1.35H  LiAlCl4/  S0C1*  along  vith  O.GM  S02,  to  reduce 
voltage  delay  (10,  11].  The  solubility  of  the  fully  chlorosulfonated  aluminate  is 

limited  both  in  liquid  sulfur  dioxide,  from  which  it  may  be  synthesized  by  pre¬ 
cipitation  (12],  and  in  thionyl  chloride.  The  same  fully  substituted  anion  was  said 
to  have  formed  by  the  reaction  of  sulfur  trioxide  or  chlorosulfonic  acid  vith  AlCl4~ 
in  S0C12,  producing  absorption  maxima  in  the  infrared  at  660  and  1070  cm~x.  It  is 
not  clear  vhether  the  species  which  formed  in  thionyl  chloride  was  the  same  as  that 
which  formed  in  sulfur  dioxide,  or  vhether  it  was  a  partially  substituted  anion  such 
as  A1C13(S03C1)".  Vallin's  patent  (10]  includes  only  MM'»(S03X)n,  where  M  is  an 
alkali  or  alkaline  earth  metal,  H*  is  Al,  B,  Ga,  In,  V.  Sb,  Nb,  Si,  W,  or  Ta;  X  is 
F,  Cl,  Br,  or  I;  and  m  and  n  are  unspecified.  Partially  substituted  anions  such  as 
A1C13(S03C1)-  may  exist,  which  might  be  more  soluble  in  S0C12  and  better  suited  for 
alleviation  of  voltage  delay  in  Li/  SOCI2  cells,  and  which  are  not  covered  by 
Vallin's  patent. 

Catalysts  have  been  added  to  the  cathodes  of  lithium/  thionyl  chloride  cells  to  in¬ 
crease  the  rate  capability  and  capacity.  Macrocyclic  complexes  of  transition  metals, 
for  example  cobalt  dibenzotetraazaannulene  (13,  14],  while  they  do  increase  the  ca¬ 

pacity  and  rate  capability,  often  allow  the  transition  metal  to  leach  partially  into 
the  electrolyte  during  storage.  Passivation  of  the  anode  then  results.  The  lithium 
salt  of  a  large  anion  may  make  catalytic  additives  unnecessary,  by  maximizing  the 
transferrence  of  lithium  ions  and  retarding  the  polarization  of  the  cathode. 

The  main  purpose  of  this  work  has  been  to  determine  vhether  new  lithium  salt  deriva¬ 
tives  may  be  synthesized,  and  vhether  they  are  capable  of  improving  the  rate  capa¬ 
bility  and  startup  characteristic  of  lithium/  thionyl  chloride  cells,  relative  to 
control  cells  containing  1M  LiAlCl4/  SOCI2.  To  this  end,  we  have  investigated  four 
major  areas  according  to  the  following: 

I.  Partially  sulfonated  chloroaluminates,  such  as 
AlCl<4-n)(S03X)„-,  where  X  =  F,  Cl,  CH3,  CF3,  CsiUCH:, 

II.  Partially  acetated  chloroaluminates,  such  as 
AlCl<4-n> (CChCXsJn",  where  X  =  F,  Cl,  K 

III.  AlOCl(y"  and  "bridged"  partially  oxide,  partially  chloride 
aluminates 

IV.  Complex  sulfur  oxyacid  salts,  such  as 
S20«2-  (dithionate) 

S40s*~  (tetrathionate) 
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CHAPTER  2 
EXPERIMENTAL 

The  dryroom,  measuring  about  36  feet  square,  vas  maintained  at  70°F.  at  a  relative 
humidity  of  about  2.5%.  Salts  were  weighed,  solutions  prepared,  infrared  samples 
vere  taken,  and  electrolyte  solutions  vere  refluxed  in  the  hood  inside  the  dryroom. 
In  addition,  the  annular  bobbin,  case  positive  AA  size  cells  vere  made  in  the 
dryroom. 

Infrared  spectra  vere  taken  using  either  a  Perkin  Elmer  model  137  or  257  spectro¬ 
photometer.  Measurements  of  hydrolysis  products  in  thionyl  chloride  solution  vere 
done  in  a  10mm  pathlength  type  I  quartz  cuvette  vith  a  Teflon  stopper  versus  an 
identical  empty  cuvette.  Spectra  from  2.5  to  15  microns  vere  taken  vith  a  demount¬ 
able  liquid  sample  cell  vith  a  0.1  mm  spacer  and  sodium  chloride  vindovs. 

The  cells  vere  discharged  at  constant  current  using  pove.r  supplies  built  by  Starbuck 
Systems  of  Nevton  and  controlled  by  an  IBM  compatible  computer  vith  a  Starbuck  in¬ 
terface  board  and  protecting  circuitry.  The  discharge  and  plotting  programs  vere 
written  by  Software  Tailors,  Inc. 

Lithium  salts  vere  prepared  from  methanesulfonic  acid,  chloroacetic  acid,  trifluoro- 
acetic  acid,  and  toluenesulfonic  acid,  by  reaction  in  aqueous  solution  vith  lithium 
hydroxide,  using  bromothymol  blue  (pH  7)  as  the  indicator.  The  water  vas  removed 
first  by  vacuum  distillation,  then  by  heating  in  vacuo  to  160°C.  to  constant  weight. 
We  established  that  the  lithium  salts  of  both  methanesulfonic  and  chloroacetic  acid 
could  be  purified  by  recrystallization  from  methanol/acetone.  97%  lithium  trifluoro- 
methane  sulfonate  from  Aldrich  vas  used  as  received  without  further  purification. 

Larger  quantities  of  methanesulfonate  and  chloroacetate  vere  made  by  the  following 
alternative  method.  A  veighed  amount  of  reagent  grade  lithium  carbonate  vas  sus¬ 
pended  in  methanol,  and  an  approximately  stoichiometric  amount  of  the  acid,  either 
methanesulfonic  or  chloroacetic,  vas  dissolved  in  methanol  and  added  to  the  suspen¬ 
sion  of  lithium  carbonate.  The  acid  vas  added  until  only  a  small  portion  of  lithium 
carbonate  was  left  suspended.  The  solution  vas  then  filtered,  and  acetonitrile  vas 
gradually  added  to  the  filtrate  vith  rapid  stirring.  The  lithium  salts  crystallized 
from  their  respective  solutions. 

Sulfur  trioxide  vas  distilled  f:.om  oleum  in  batches  as  follovs.  About  200  ml  of 
fuming  sulfuric  acid,  containing  20%  sulfur  trioxide,  vas  placed  in  a  500  ml  round 
bottom  flask  and  fitted  vith  a  sol  trap,  transfer  tube,  and  an  air  condenser.  The 
oleum  vas  heated  while  being  stirred  vith  a  magnetic  bar.  The  sulfur  trioxide  vas 
collected  and  stored  in  the  dryroom  in  a  50  ml  roundbottom,  but  never  longer  than  15 
minutes  before  use,  since  unstabilized  sulfur  trioxide  easily  trimerizes  to  a  solid. 


Aluminum  chloride  vas  purified  using  a  sublimator  in  the  dryroom  hood  by  distil¬ 
lation  from  molten  LiAlCl*  treated  vith  calcium  metal  turnings.  The  calcium  reacts 
quickly  and  smoothly  vith  the  molten  salt  containing  extra  aluminum  chloride  at  120 
to  150°C.,  producing  finely  divided  aluminum.  The  aluminum,  present  without  any  ox¬ 
ide  layer,  prevents  iron  chloride  from  distilling  vith  the  aluminum  chloride.  The 
molten  salt  allows  more  effective  heat  transfer,  distillation  at  atmospheric  pres¬ 
sure,  and  more  rapid  collection  of  purified  aluminum  chloride. 
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The  characteristics  of  the  AA  case  positive  annular  bobbin  cells  vere  as  follows: 

Dimensions  of  outer  case: 

1/2"  O.D.  x  1  7/8 n ;  6.03  cm3,  stainless  steel 
case  positive,  hermetically  sealed,  TIG  velded 
glass/  metal  compression  hollov  feedthroughs/ 
fillports 

Dimensions  of  annular  bobbin: 

I.D.  0.380  +/-  0.04" 

O.D.  0 . 485  +/-  0.04" 
height,  1.58  +/-  0.06" 

Weight  of  bobbin  (with  binder),  Q.70g 

Composition  of  bobbin,  Chevron  acetylene  black/ 

3\  Teflon 

Anodes:  1.7"  x  0.39"  x  two,  located  in  the  center  of 
the  bobbin  cathodes,  spring  loaded  against  the 
separators/  cathodes;  0.050"  thick;  8.55  cm2;  1.09 
cm3;  2.24  Ahr 

Separators:  Mead  Pyrex  paper,  0.007" 


Using  infrared  spectroscopy,  ve  determined  whether  there  vere  significant  amounts  of 
hydrolysis  products  in  electrolyte  samples,  so  that  these  products  could  be  removed 
by  refluxing.  We  also  used  infrared  spectroscopy  to  determine  whether  synthetic 
techniques  had  been  successful  in  producing  derivatives  soluble  in  thionyl  chloride. 

Cells  vere  filled,  sealed,  and  discharged,  according  to  the  following: 

Electrolytes: 

each  of  those  indicated  below  under 
"Cell  Tests" 

Number  of  replicate  cells  for  each  electrolyte:  3 
Discharge  current: 

25.6  mA  (3  rA/cb2  of  anode  surface  area) 

Discharge  temperature: 

ambient  (19  to  31°C.) 

Measurements : 

Startup  characteristics 
Capacity  to  3  volts 
Capacity  to  2  volts 
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CHAPTER  3 

RESULTS  AND  DISCUSSION 


NEK  ELECTROLYTE  SALTS. 

We  prepared  500  ml  of  2M  aluminum  chloride  in  thionyl  chloride,  using  A1C1,  purified 
by  distillation  from  molten  lithium  tetrachloroaluminate,  in  order  to  obtain  a  stock 
solution  from  vhich  all  experimental  and  control  electrolytes  could  be  made.  Figure 
1  shows  the  infrared  spectrum  of  this  solution  shortly  after  it  was  prepared.  Strong 
absorption  between  3100  and  3500  cm-1  indicates  that  a  considerable  amount  of  hy¬ 
drolysis  products  were  present.  Either  the  partially  hydrolized  aluminum  chloride 
was  volatile  and  distilled  along  with  the  aluminum  chloride,  or  the  distilled  pro¬ 
duct  absorbed  water  from  the  dryroom  atmosphere.  The  solution  was  refluxed  for  about 
eight  hours  to  remove  the  hydrolysis  products.  Figure  2  is  a  spectrum  of  the  solu¬ 
tion  after  the  reflux  period,  although  the  reference  port  did  not  contain  an  empty 
quartz  cell,  and  shows  that  the  hydrolysis  products  had  ‘been  removed. 

This  "dried"  2M  A1C1,/  S0C12  was  used  to  prepare  one  molar  solutions  made  by  react¬ 
ing  portions  of  it  with  an  equivalent  amount  of  each  lithium  carboxylate  or  sulfo¬ 
nate,  and  diluting  to  the  required  volume  with  thionyl  chloride.  For  solubility 
tests,  4  ml  Savillex  sample  vials  were  used.  For  cell  electrolytes,  100  ml  volumet¬ 
ric  flasks  were  used.  Since  the  lithium  salts  tested  did  not  react  completely  with 
an  equivalent  amount  of  1  molar  aluminum  chloride  in  thionyl  chloride,  lithium 
chloride  equivalent  to  the  aluminum  chloride  initially  present  vas  also  added  to  the 
mixtures  to  prevent  excess  aluminum  chloride  from  corroding  the  sodium  chloride 
infrared  windows  or  the  cell  anodes. 

One  of  the  objects  of  our  current  study  was  to  determine  whether  a  partially  chloro- 
sulfonated  derivative  could  be  prepared,  and  if  so,  whether  its  solubility  would  be 
higher  and  its  effect  either  in  alleviating  the  voltage  delay  problem,  or  in  in¬ 
creasing  the  rate  capability  of  these  cells  would  be  enhanced. 

We  first  attempted  to  prepare  Li(AlCl,(SO,Cl) }  by  way  of  the  following  reactions: 

LiCl  +  SO,  -->  Li (SOs)Cl 

Li(SO,)Cl  +  A1C1,  (in  SOCl2)  — >  Li (A1C1, (SO, )C1J 

Sulfur  trioxide  vas  found  not  to  react  with  lithium  chloride,  since  a  sample  of  LiCl 
did  not  absorb  SO,  when  treated  at  room  temperature  with  an  excess.  Cotton  and 
Wilkinson  (15)  have  stated  that  chlorosulfonic  acid  forms  no  salts,  our  observation 
therefore  confirming  this  admonition.  Yet  Vandorpe  and  Drache  reported  that  SO,  re¬ 
acted  with  LiAlCl«  dissolved  in  sulfur  dioxide  to  form  insoluble  LiAl(SO,Cl)4  112). 
We  then  elected  to  try  the  following  series  of  reactions: 

A1C1,  (in  SOCla)  +  SO,  — >  A1C13(S0,C1) 

AlCla (S0,C1 )  +  LiCl  (in  S0C12)  — >  Li (A1C1, (S0,C1 ) ) 
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FIGURE  1.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  257  SPECTROPHOTOMETER  AND  A  10 
MM  PATHLENGTH  TYPE  I  QUARTZ  CELL  VERSUS  AN  EMPTY  QUARTZ  CELL.  2M 
DISTILLED  ALCLj  IN  THIONYL  CHLORIDE,  BEFORE  REFLUXING. 
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FIGURE  2.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  257  SPECTROPHOTOMETER  AND  A  10 
MM  PATHLENGTH  TYPE  I  QUARTZ  CELL  VER’SUS  AN  EMPTY  QUARTZ  CELL.  2M 
DISTILLED  ALCLa  IN  THIONYL  CHLORIDE,  AFTER  REFLUXING. 
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Ke  dissolved  enough  purified  AlCls  in  thionyl  chloride  to  prepare  a  1  molar  crystal 
clear  solution.  Into  an  aliquot  of  this  solution  vas  slovly  pipetted  one  equivalent 
of  sulfur  trioxide,  A  precipitate  appeared  as  soon  as  the  sulfur  trioxide  contact¬ 
ed  the  solution,  but  vith  stirring,  this  dissolved.  Near  the  end  of  this  addition,  a 
gelatinous  precipitate  appeared  throughout  the  solution.  Then,  one  equivalent  of 
dried  lithium  chloride  vas  sifted  into  the  mixture  vith  continued  stirring.  The 
contents  reacted,  forming  a  clear  solution. 

Figure  3  is'  an  infrared  spectrum  of  a  1H  solution  of  LiAlC14  in  thionyl  chloride, 
shoving  the  absorptions  characteristic  of  thionyl  chloride  and  A1C1«".  Figure  4  is  a 
partial  infrared  spectrum  of  the  solution  described  above,  just  after  the  addition 
of  the  lithium  chloride.  There  vas  a  very  strong  absorption  at  1070  cm-1,  which  is 
one  of  the  frequencies  assigned  to  tetrachlorosulfonatoaluminate  (10,  11],  except 
the  concentration  vas  much  higher  than  that  reported  by  Vallin  and  Chenebault. 

By  the  following  morning,  white  crystals  had  formed  in  the  flask.  These  were  fil¬ 
tered,  washed  with  thionyl  chloride,  and  dried  in  the  dryroom  atmosphere  at  100°C. 
Three  separate  samples  lost  an  average  of  3.2%  of  what  their  weight  had  been  before 
drying.  From  one  of  these  samples,  three  portions  of  about  100  mg  each  were  weighed 
ca.efully  and  the  chloride  content  determined  by  potentiometric  titration.  The  re¬ 
sults  were  133.5,  133.6,  and  133.7  grams  per  equivalent  of  chloride.  Calculated  val¬ 
ues  for  LiAlCl4  and  each  of  the  possible  chlorosulfonated  aluminates  are  as  follovs: 

F  'ft.  Eq.  wt. 

(grams/  mole)  (a/  eauiv.  of  Cl~) 


LiAlCl« 

175.74 

43.94 

LiAlCl3(S03Cl) 

255.74 

63.94 

LiAlCla (SOjCl ) a 

335.74 

83.94 

LiAlCl  (SO3CI) 3 

415.74 

103.94 

LiAl  (SOaClU 

495.74 

123.94 

We  tentatively  believe  that  we  had  initially  formed  one  or  more  partially  chlorosul¬ 
fonated  aluminates,  but  that  these  had  disproportionated  overnight  to  produce  the 
less  soluble,  fully  chlorosulfonated  derivative.  The  extra  weight  could  have  been 
water  absorbed  from  the  dryroom  atmosphere  while  the  samples  were  being  heated  to 

remove  thionyl  chloride,  so  that  what  is  needed  is  a  determination  of  either  the 

aluminum  or  the  sulfate  content  to  correlate  vith  the  chloride  analyses. 

Another  of  our  objectives  vas  to  determine  what  other  functional  groups  similar  to 
chlorosulfonate  could  be  used  to  replace  one  or  more  of  the  chlorides  on  tetra- 

chloroaluminate.  Our  approach  vas  to  attempt  the  reaction  of  lithium  salts  of  the 

candidate  anions  first  vith  a  solution  of  aluminum  chloride  in  thionyl  chloride, 
hoping  to  produce  soluble  derivatives  according  to  the  following  general  reaction: 

LiX  +••  AlCls  (in  SOCla )  — >  Li+,  AlClsX" 

An  equivalent  amount  of  each  of  the  following  salts  vas  shaken  at  room  temperature 
in  a  4ml  Savillex  Teflon  vessel  vith  1H  purified  AlClj  in  thionyl  chloride: 

CFaCOOLi  CFjSOaLi 

CHaSOsLi  CHa(C«H«)C0OLi 

CHaCICOOLi 
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FIGURE  3.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  137  SPECTROPHOTOMETER,  SODIUM 
CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MM  THICK.  ONE  MOLAR  LIAICL4  IN 
THIONYL  CHLORIDE. 
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Of  these  five,  only  the  lithium  toluenesulfonate  refused  to  react  at  all.  The  others 
dissolved,  but  only  partially,  the  tvo  most  soluble  being  lithium  methane  sulfonate 
and  lithium  chloroacetate.  Infrared  spectra  vere  taken  of  the  first  four  solutions, 
as  follows: 

Figure  5  CH3S03ClLi  in  S0C12,  1  molar  A1C13 

Figure  6  CH2ClC00Li  in  S0C12,  1  molar  A1C13 

Figure  7  CFaCOOLi  in  S0C12,  1  molar  A1C13 

Figure  8  CF3S03Li  in  SOCl2,  1  molar  A1C13 

As  the  spectra  shov,  the  solutions  contained  soluble  species  not  present  in  LiAlCl*/ 
S0C12. 

To  confirm  that  these  absorptions  did  not  come  from  solutions  of  the  lithium  salts 
by  themselves  in  thionyl  chloride,  lithium  trifluoromethanesulfonate  vas  used  as  an 
example.  A  portion  of  the  same  Aldrich  salt  vas  used  to  saturate  a  few  milliliters 
of  thionyl  chloride.  A  spectrum  of  the  resulting  solution  (Figure  9),  shoved  no 
absorption  at  7.4,  9.5,  or  12.9  microns.  An  absorption  near  3.3  microns  in  Figure  8 
may  indicate  that  C-H  stretch  is  present  from  incompletely  fluorinated  derivatives. 

One  hundred  millimoles  of  distilled  aluminum  chloride  vere  ground  together  in  the 
dryroom  vith  one  hundred  millimoles  of  sulfur  and  heated  in  a  roundbottom  flask  to 
150°C.  A  dark  solid  resulted  vhich  vas  freely  soluble  in  thionyl  chloride,  forming  a 
yellow  solution.  To  the  stirred  mixture  vas  added  100  mmoles  of  dried  lithium  chlor¬ 
ide,  vhich  dissolved  to  form  a  clear  solution.  The  mixture  vas  transferred  to  a  100 
ml  volumetric  flask  and  filled  to  the  mark  vith  thionyl  chloride.  An  infrared  spec¬ 
trum  (Figure  10)  shoved  a  strong,  sharp  absorption  at  about  7.55  microns  (1324  cm"1) 
vith  veaker  absorptions  at  8.72  and  9.5  microns.  Hydrolysis  of  an  aliquot  in  a  large 
volume  of  water  failed  to  precipitate  sulfur,  indicating  that  the  electrolyte  solu¬ 
tion  did  not  merely  represent  a  solution  either  of  sulfur  or  sulfur  monochloride  in 
thionyl  chloride/  lithium  tetrachloroaluminate.  This  mixture  vas  used  to  fill  three 
replicate  test  cells,  as  described  belov. 

Fluka  lithium  acetate  dihydrate,  dried  in  vacuo  at  160°C.  overnight,  lost  veight 
corresponding  to  the  vater  originally  present  in  the  hydrate.  When  ve  attempted  to 
react  a  sample  of  the  dried  salt  vith  an  equivalent  amount  1M  aluminum  chloride  in 
thionyl  chloride,  the  mixture  evolved  gas  and  so  vas  discarded. 

We  attempted  to  prepare  LiOAlCl2  by  heating  LiAlCU  vith  Fluka  chromatographic  grade 
aluminum  oxide  to  400°C.  for  about  half  an  hour.  On  treating  the  cooled  salt  mixture 
vith  clean  thionyl  chloride,  the  LiAlCl<  dissolved,  apparently  leaving  the  alumina 
behind.  An  infrared  spectrum  (Figure  11)  shoved  no  absorption  at  12.5  or  14.8  mi¬ 
crons,  where  Al-0  stretching  or  Al-O-Al  bridge  absorption  vould  be  expected  (16, 
17).  We  have  prepared  gamma  alumina,  vhich  is  said  to  react  vith  A1C13  vhile  alpha 
alumina  does  not  (18),  but  ve  have  not  yet  attempted  to  use  the  gamma  alumina.  Li¬ 
thium  tetrachloroaluminate  as  a  reagent  for  preparing  LiAlOCla  is  preferred  over 
aluminum  chloride,  because  the  latter  vould  be  expected  to  produce  significant  pres¬ 
sure  vhen  heated  in  a  sealed  glass  tube. 

We  also  attempted  to  prepare  AlOCl  by  refluxing  approximately  tvo  molar  solutions  of 
distilled  aluminum  chloride  in  thionyl  chloride  to  vhich  ve  gradually  added,  vith 
rapid  stirring,  vater  equivalent  on  a  molar  basis  to  the  aluminum  chloride  origi¬ 
nally  present.  The  reaction  of  small  amounts  of  vater  to  solutions  of  aluminum 
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FIGURE  5.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  137  SPECTROPHOTOMETER,  SODIUM 
CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MM  THICK.  A  1  MOLAR  SOLUTION  OF  ALCL3 
IN  S0CL2  REACTED  WITH  AN  EQUIVALENT  AMOUNT  OF  DRIED  LITHIUM 
METHANESULEONATE. 
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IN  S0CL2  REACTED  WITH  AN  EQUIVALENT  AMOUNT  OF  DRIED  LITHIUM 
CHL0R0ACETATE . 
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FIGURE  7.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  137  SPECTROPHOTOMETER,  SODIUM 

CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MM  THICK.  A  1  MOLAR  SOLUTION  OF  ALCL3 
IN  SOCL2  REACTED  WITH  AN  EQUIVALENT  AMOUNT  OF  DRIED  LITHIUM 
TRIFLUORO ACETATE. 
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FIGURE  9.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  137  SPECTROPHOTOMETER  WITH  A 
DEMOUNTABLE  CELL,  SODIUM  CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MM  THICK. 
ThIONYL  CHLORIDE  SATURATED  WITH  97%  LITHIUM  TRIFLUOROMETHANE  SULFONATE. 
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FIGURE  10.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  137  SPECTROPHOTOMETER  WITH  A 
DEMOUNTABLE  CELL,  SODIUM  CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MM  THICK. 
THIONJfL  CHLORIDE  WITH  1  M  ALUMINUM  (III).  A  MOLAR  EQUIVALENT  AMOUNT  OF 
ALCLa  HAD  BEEN  MELTED  WITH  SULFUR,  DISSOLVED  IN  SOCL*,  AND  THEN  TREATED 
WITH  AN  EQUIVALENT  AMOUNT  OF  LICL. 
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FIGURE  11.  INFRARED  SPECTRUMOF  1M  LIALCL4/SOCL2,  THE  SALT  HAVING  FIRST  BEEN  HEATED 
TO  400°C.  AND  THE  MELT  SATURATED .WITH  CHROMATOGRAPHIC  GRADE  ALPHA 
ALUMINA,  THE  MIXTURE  THEN  DISSOLVED  IN  SOCL2.  DEMOUNTABLE  CELL  WITH 
O.IMM  PATHLENGTH  SPACER,  SODIUM  CHLORIDE  WINDOWS.  SPECTRUM  INCLUDES 
POLYSTYRENE  REFERENCE  PEAKS. 
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chloride  in  thionyl  or  sulfuryl  chloride  was  reported  to  produce  soluble  materials 
(19).  All  the  precipitate  which  formed  as  the  entire  amount  of  water  was  added  even¬ 
tually  dissolved  again  during  the  stirring.  We  had  hoped  that  on  continued  reflux¬ 
ing,  either  A10C1  or  a  bridged  aluminum  oxychloride  would  form,  as  HC1  vas  expelled 
from  the  solution  (16). 

As  infrared  spectra  in  10  mm  pathlength  quartz  cells  shoved,  the  refluxing  failed  to 
clear  all  of  the  protons,  present  apparently  on  the  aluminum  as  Al-OH  groups,  from 
the  solution.  Refluxing  for  about  16  hours  did  manage  to  remove  the  bulk  of  the  OH 
groups,  since  infrared  absorption  between  2.6  and  3.2  microns  diminished.  We  then 
tried  again,  using  an  amount  of  water  equivalent  to  just  80  mole  percent  of  the 
aluminum  chloride  present.  Ironically,  removing  the  OH  infrared  absorption  proved 
even  more  difficult.  Absorptions  at  7.5  microns  were  prominent  in  both  solutions, 
and  at  9.35  microns  in  the  first  solution.  Very  broad,  weak  absorptions  were  present 
between  11  and  15  microns. 

When  the  second  solution  (to  which  had  been  added  vater  equivalent  to  80%  of  the 
AlCls)  vas  diluted  to  one  molar,  the  absorptions  at  7.5  and  9.35  microns  disap¬ 
peared.  Then,  a  1  molar  solution  of  LiAlCl*  prepared  yith  purified  salts  but  which 
had  not  been  refluxed  shoved  weak  absorptions  at  7.5  .and  9  microns  (these  likely 
caused  by  sulfur  dioxide  in  this  case),  plus  a  distinct  absorption  at  14.5  microns. 
Absorption  at  7.5  and  9.35  microns  might  therefore  be  caused  by  either  S02,  chloro- 
sulfonato  groups,  or  by  SOCl2  coraplexed  with  more  than  one  equivalent  of  LiAlCl*. 
The  only  spectrum  which  contained  absorption  at  either  12.5  or  14.8  microns,  attrib¬ 
uted  to  Al-0  stretching  by  Bailey  and  Blomgren  [ 16 } ,  vas  the  one  which  had  not  been 
refluxed  at  all. 


The  infrared  spectra,  taken  with  both  the  10mm  pathlength  quartz  cells  and  the  0.1 
mm  sodium  chloride  demountable  cells,  are  summarized  below: 


Fi.g.ure_j, 

12 

13 

14 

15 


Data  (infrared  spectra  of  the  following  solutions): 
2M  AlCla/  1  equiv.  H20/  16  hr.  reflux/  1  equiv. 
LiCl 

2M  AlCls/  0.8  equiv.  H20/  16  hr.  reflux/  1  equiv. 
LiCl 

Same  as  Figure  13,  diluted  to  1  molar 
1M  AlCls/  1  equiv.  LiCl/  no  refluxing 


The  solution  represented  by  Figure  14  vas  used  to  fill  three  replicate  test  cells, 
even  though  the  infrared  spectrum  vas  not  able  to  distinguish  it  from  the  control 
electrolyte. 


We  attempted  to  prepare  LiSCbF  by  reacting  LiF  with  an  excess  of  sulfur  trioxide. 
Although  lithium  fluoride  does  absorb  SOs,  ve  were  not  been  able  to  obtain  a  satis¬ 
factory  product. 


Samples  of  the  the  following  sodium  sulfur  oxyacid  salts  were  equilibrated  with 
Mobay  thionyl  chloride,  used  as  received,  in  order  to  determine  qualitatively  whe¬ 
ther  any  were  substantially  soluble.  Sodium  salts  vere  used  because  the  lithium 
salts  vere  not  immediately  available.  Those  tested  included  the  following: 
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4.5  MICRONS  ONLY).  THIONYL  CHLORIDE  WITH  ABOUT  2M  ALUMINUM  (III).  ALCLa 
DISSOLVED  IN  THIONYL  CHLORIDE  HAD  BEEN  REACTED  WITH  AN  80%  MOLAR 
EQUIVALENT  AMOUNT  OF  WATER,  REFLUXED  16  HOURS,  AND  THEN  TREATED  WITH  AN 
EQUIVALENT  AMOUNT  OF  LICL. 
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FIGURE  15.  INFRARED  SPECTRUM,  USING  THE  PERKIN-ELMER  137  SPECTROPHOTOMETER  WITH  A 
DEMOUNTABLE  CELL,  SODIUM  CHLORIDE  WINDOWS,  AND  A  SPACER  0.10  MM  THICK. 
THIONYL  CHLORIDE  WITH  1  M  ALUMINUM  (III).  A  MOLAR  EQUIVALENT  AMOUNT  OF 
DISTILLED  ALCLa  HAD  BEEN  TREATED  WITH  AN  EQUIVALENT  AMOUNT  OF  DRIED  LICL 
WITHOUT  REFLUXING. 
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Salt 

Na2S.»0s  (tetrathionate) 
Na2S206  (dithionate) 
Na2S205  (metabisulfite) 
Na2S203  (thiosulfate) 
Na2Cr207  (dichromate) 


Source 

Pfaltz  and  Bauer 
Pfaltz  and  Bauer 
EM  Science 
EM  Science 
EM  Science 


Sodium  dichromate  vas  tasted  because  lithium  dichromate  is  known  to  be  highly  solu¬ 
ble  in  thionyl  chloride.  It  vas  hoped  that  sodium  dichromate  could  be  used  as  a 
rough  analogy  to  determine  the  validity  of  substituting  other  sodium  salts  where  the 
lithium  salts  vere  not  available.  Sodium  dichromate  gave  a  distinctly  orange  color 
to  the  solvent,  but  did  not  appear  to  be  substantially  soluble.  None  of  the  other 
salts  listed  appeared  to  be  substantially  soluble  either,  but  no  infrared  spectra 
have  yet  been  taken  to  establish  whether  any  of  the  colorless  sodium  salts  vere 
partially  soluble.  Tests  with  the  above  listed  sodium  salts  may  not  indicate  defin¬ 
itively  whether  any  of  the  corresponding  lithium  salts  would  be  sufficiently  soluble 
to  be  useful  as  electrolytes  for  lithium/  thionyl  chloride  cells.  Small  quantities 
of  the  corresponding  lithium  salts  could  likely  be  obtained  by  ion  exchange,  using  a 
column  loaded  vith  resin  substituted  with  lithium  ion. 


CELL  TESTS 

The  following  electrolytes  vere  prepared: 

100  ml  1M  AlCla  in  SOCl2,  treated  vith  an  equivalent  amount  of  lithium  chloride 
(control  electrolyte). 

100  ml  1M  AlCla  in  S0C12,  saturated  vith  lithium  chloroacetate,  then  treated 
vith  an  equivalent  amount  of  lithium  chloride. 

100  ml  1M  AlCla  in  S0Cla,  saturatred  vith  lithium  methane  sulfonate,  then 
treated  vith  an  equivalent  amount  of  lithium  chloride. 

100  ml  1M  AlCla  in  S0C12,  saturated  vith  lithium  trifluoromethanesulfonate, 
then  treated  vith  an  equivalent  amount  of  lithium  chloride. 

100  ml  1M  AlCla  in  SOCl2,  treated  vith  50  mm  of  sulfur  trioxide,  left  to  stir 
4.5  hours,  then  treated  vith  an  excess  of  lithium  chloride  and  alloved  to 
equilibrate  overnight. 

100  ml  1M  AlCla  in  S0C12,  in  vhich  100  mm  of  AlCla  had  been  melted  vith  100  am 

of  sulfur,  dissolved,  treated  vith  100  mm  of  LiCl,  and  diluted. 

100  mmoles  of  AlCla  in  S0C12,  to  vhich  80  mmoles  of  vater  had  been  added  vhile 

the  A1C ,  Toncentration  vas  about  2  molar,  the  solution  refluxed  for  16 

hours,  *.'0  u  lies  of  lithium  chloride  then  added,  and  the  solution  diluted 
to  1  molar . 

The  startup  characteristics  for  each  of  three  groups  of  cells  are  shovn  in  Figures 
16  to  18,  as  follovs: 

Saturated  vith  LiCl  (control)  Figure  16 

Saturated  vith  Li(CH2ClCOO)  Figure  17 

Saturated  vith  Li(CHaSOa)  Figure  18 

Discharge  began  after  the  cells  had  spent  only  a  fev  hours  at  ambient  temperature  on 
open  circuit.  ¥hile  the  amount  of  delay  vas  negligible,  differences  between  the 
electro’  'tes  still  appeared.  Cells  saturated  vith  lithium  methane  sulfonate  shoved 
the.  least  delay. 
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FIGURE  16.  RECORDER  PLOTTED  STARTUP  PROFILES  FOR  CONTROL  CELLS.  LOAD,  100  OHMS 
(ABOUT  36  MILLIAMPS  OR  4.2  MA/CM2).  6  CM/MIN;  10  =  ZERO  VOLTS, 

50  =  A  VOLTS 
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FIGURE  17.  RECORDER  PLOTTED  STARTUP  PROFILES  FOR  CELLS  CONTAINING  ELECTROLYTE 

SATURATED  WITH  LITHIUM  CHLOROACETATE.  LOAD,  100  OHMS  (ABOUT  36  MILLIAMPS 
OR  4.2  MA/CM2) .  6  CM/MIN;  10  =  ZERO  VOLTS,  50  =  4  VOLTS. 
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FIGURE  18.  RECORDER  PLOTTED  STARTUP  PROFILES  FOR  CELLS  CONTAINING  ELECTROLYTE 
SATURATED  WITH  LITHIUM  METHANE  SULFONATE.  LOAD,  100  OHMS  (ABOUT  36 
MILLIAMPS  OR  4.2  MA/CM2).  6  CM/MIN;  10  =  ZERO  VOLTS,  50  =  4  VOLTS 
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Figure  19  shovs  the  discharge  profile  for  cell  33-37-1,  omitting  the  first  16  hours 
and  16  minutes.  The  plotter  program  as  it  is  nov  written  does  not  allow  plots  which 
contain  more  than  two  data  files.  Figure  20  shows  the  entire  discharge  profile  for 
cell  33-37-5,  and  Figure  21,  the  profile  for  cell  33-37-7.  Except  for  variations 
caused  by  changes  in  temperature,  the  discharge  profiles  were  flat  and  approached 
the  end  of  discharge  abruptly.  Figure  22  is  a  plot  of  the  last  two  data  files  for 
the  discharge  profile  of  cell  26-84-2,  containing  lithium  trifluoromethanesulfonate, 
and  Figure  23  shovs  the  last  two  files  for  cell  26-84-  5,  containing  partially 
chlorosulfonated  aluoinate.  Likewise,  Figure  24  shows  cell  37-12-1,  and  Figure  25, 
cell  37-12-6.  Each  was  typical  for  the  cells  of  its  respective  group,  and  all  shoved 
steady  discharge  potentials  rapidly  decaying  at  the  end  of  discharge  with  no 
intermittent  behavior. 

% 

The  capacities  in  milliamp  hours  for  each  cell  are  given  in  Table  1.  The  cathode 
current  density  vas  evidently  high  enough  to  stress  the  cathodes  and  cause  differ¬ 
ences  in  capacity  with  differences  in  the  electrolyte  composition.  The  amount  of 
lithium  present  vas  equivalent  to  2.24  amp  hours,  and  the  carbon  at  700  mg  equi¬ 
valent  to  1.4  to  2.1  amp  hours.  Cells  containing  the  partially  chlorosulfonated 
aluminate  unexpectedly  shoved  lover  capacities  than  the  control  cells,  and  cells 
vith  the  trifluoromethane  sulfonate  electrolyte  unexpectedly  gave  capacities  near 
those  observed  for  the  control  cells.  Cells  containing  electrolyte  prepared  from 
hydrolyzed  AlCla,  folloved  by  refluxing  for  16  hours,  followed  by  reaction  vith  an 
equivalent  amount  of  LiCl,  on  average  gave  the  highest  capacity,  exceeding  that  of 
the  control  group  by  about  9%. 

Table  1.  Capacities  of  Case  Positive  Annular 
Bobbin  AA  Cells  Discharged  at  25.6  mA 
(3  mA/cm2  of  anode  surface  area) 


Caoacitv 

(mAh)  to 

Cell  1 

Li  salt 

3  V 

2V 

33-37-1 

LiCl  (control) 

1,414 

1,449 

33-37-2 

LiCl  (control) 

1,406 

1,437 

33-37-3 

LiCl  (control) 

1,164 

1,191 

33-37-4 

Li (CHaCICOO) 

1,071 

1,097 

33-37-5 

Li (CHaCICOO) 

990 

1,014 

33-37-6 

Li (CHaCICOO) 

1,076 

1,098 

33-37-7 

Li(CHaSOa) 

454 

475 

33-37-8 

Li(CHaSOa) 

787 

805 

33-37-9 

Li (CHsSOa ) 

613 

631 

26-84-1 

AlCla/Li (CFaSOa ) 

1,453 

1,471 

26-84-2 

AlCla/Li (CFaSOs ) 

1,396 

1,417 

26-84-3 

AlCla/Li (CFaSOa) 

1,317 

1,333 

26-84-4 

AlCla/SOa/LiCl 

832 

857 

26-84-5 

A1C1 j/SOa/LiCl 

975 

998 

26-84-6 

AlCla/SOa/LiCl 

992 

1,015 

37-12-1 

A1C1 j/S/LiCl 

992 

1,011 

37-12-2 

AlCla/S/LiCl 

1,418 

1,437 

37-12-3 

AlCla/S/LiCl 

1,470 

1,512 

37-12-4 

AlCla/HaO/LiCl 

1,313 

1,344 

37-12-5 

AlCla/HaO/LiCl 

1,507 

1,539 

37-12-6 

AlCla/HaO/LiCl 

1,531 

1,571 
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FIGURE  19 
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FIGURE  22.  DISCHARGE  PROFILE  FOR  CELL  26-84-2,  USING  THE  LAST  TWO  DATA  FILES. 

•  AMBIENT  TEMPERATURE,  25.65  MA  (3  MA/CM*  OF  ANODE  SURFACE  AREA). 
ELECTROLYTE,  1M  ALCL3/SOCLa,  SATURATED  FIRST  WITH  LI(CF3S03),  THEN  LICL 
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FIGURE  23.  DISCHARGE  PROFILE  FOR  CELL  26-84-5,  USING  THE  LAST  TWO  DATA  FILES. 

AMBIENT  TEMPERATURE,  25.65  MA  (3  MA/CM2  OF  ANODE  SURFACE  AREA). 
ELECTROLYTE,  1M  ALCL3/SOCL2,  TREATED  FIRST  WITH  50  MM  OF  S03/  THEN 
SATURATED  WITH  LICL. 
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Infrared  spectra  of  the  electrolytes  used  to  fill  the  test  cells  26-84-1  through  -6 
were  taken.  Figure  26  shows  two  separate  runs  using  pure  thionyl  chloride.  Figure  27 
shows  the  IK  A1C13  saturated  first  with  lithium  trif luoromethane  sulfonate,  then 
with  lithium  chloride,  and  Figure  28  the  partially  chlorosulfonated  tetrachloroalu- 
minate.  The  reaction  which  originally  produced  a  tr ifluoromethane  sulfonate  deriv¬ 
ative  did  not  occur  as  it  had  before  (see  Figure  18),  and  the  concentration  of  the 
substituted  derivative  was  considerably  lover.  The  reasons  for  this  difference  are 
not  yet  clear,  but  the  derivative  present  at  this  level  evidently  did  not  adversely 
affect  the  capacity  with  respect  to  that  observed  for  the  control  cells. 

The  spectrum  of  the  chlorosulfonated  aluminate  electrolyte  used  to  fill  cells  26-84 - 
4  through  -6  (Figure  28)  indicates  that  a  derivative  or  derivatives  were  present  in 
high  concentration.  Open  circuit  potentials  near  3.9  volts  and  infrared  absorption 
near  7  microns  may  also  indicate  that  some  of  the  sulfur  trioxide  reacted  with  the 
thionyl  chloride  to  produce  sulfuryl  chloride. 

In  order  to  determine  whether  electrolytes  used  in  the  earlier  test  cells  contained 
derivatives  at  the  same  concentration  as  first  observed  in  infrared  spectra,  spectra 
were  run  on  the  electrolytes  used  to  fill  cells  33-31-4: through  33-37-9.  Figure  29 
shows  1M  AlCls  saturated  with  Li(CH3S03),  and  Figure  .30  shows  the  electrolyte  sat¬ 
urated  with  Li (CHiCICOO) .  Again,  we  found  that  the  concentrations  were  substantially 
lover  than  we  had  first  observed.  The  concentrations  of  the  derivatives  may  have 
been  affected  by  storage,  or  through  contamination  of  the  starting  materials  by 
water. 
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FIGURE  26.  INFRARED  SPECTRUM  OF  PURE  THIONYL  CHLORIDE,  USING  TWO  SEPARATE  RUNS 

DEMOUNTABLE  CELL  WITH  0.1MM  PATHLENGTH  SPACER,  SODIUM  CHLORIDE  WINDOWS. 
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FIGURE  27.  INFRARED  SPECTRUM  OF  1M  ALCL3/  S0CL*,  SATURATED  FIRST  WITH  LI(CF3S03), 
•THEN  LICL,  USED  TO  FILL  CELLS  26-84-1  THROUGH  -3.  DEMOUNTABLE  CELL  WITH 
0.1MM  PATHLENGTH  SPACER,  SODIUM  CHLORIDE  WINDOWS. 


4000  3000  2000  1500  CM'1  1000  900  800  700 


NSWC  MP  89-242 


namntM 

nmarnmn 


mmknmm 


FIGURE  28.  INFRARED  SPECTRUM  OF  1M  ALCL3/  SOCLz,  TREATED  FIRST  WITH  50  MM  OF  S03, 
THEN  SATURATED  WITH  LICL,  USED  TO  FILL  CELLS  26-84-4  THROUGH  -6. 
DEMOUNTABLE  CELL  WITH  0.1MM  PATHLENGTH  SPACER,  SODIUM  CHLORIDE  WINDOWS. 
SPECTRUM  INCLUDES  POLYSTYRENE  REFERENCE  PEAKS. 
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CHAPTER  4 

CONCLUSIONS  AND  RECOMMENDATIONS 


It  appears  that  of  all  the  experimental  electrolytes,  the  cells  vith  lithium  tri- 
fluoromethanesulfonate  or  Aids  melted  vith  sulfur  matched  the  capacity  obtained 
from  cells  vith  the  control  electrolyte  under  the  conditions  of  these  tests,  while 
the  capacity  of  the  cells  containing  hydrolyzed/  refluxed  electrolyte  modestly 
exceeded  that  of  the  control  cells. 

We  have  arbitrarily  made  the  assumption  that  if  a  derivative  such  as  partially  or 
totally  chlorosulfonated  aluminate  present  at  lov  concentration  is  beneficial,  then 
the  same  or  similar  derivatives  present  at  a  higher  concentration  should  be  even 
more  beneficial.  If  a  derivative  at  lov  concentration  such  as  Vallin's  LiAl(SOjCl)« 
is  capable  of  alleviating  the  voltage  delay  without  adversely  affecting  the  capaci¬ 
ty,  then  its  presence  is  clearly  beneficial,  vhether  or  not  it  increases  the  capaci¬ 
ty.  By  the  same  token,  the  nev  derivatives  may  be  valuable  alternatives  for  reducing 
voltage  delay  vhen  present  at  the  right  level  of  concentration. 

The  data  ve  have  collected  to  date  demonstrate  only  that  substituted  chloroalumi- 
nates  may  be  prepared  by  the  techniques  vhich  ve  have  outlined.  Variations  in  the 
concentrations  of  the  partially  substituted  chloroaluminate  derivatives  vhich  we 
observed  during  synthesis  indicates  that  more  needs  to  be  known  about  their  stabili¬ 
ty  and  how  their  formation  is  affected  by  the  concentration  of  reactants  and  the 
presence  of  moisture.  At  that  point,  their  potential  usefulness  in  increasing  the 
capacity  may  be  fairly  evaluated.  We  currently  have  little  information  as  to  how  the 
concentrations  may  be  maximized,  or  how  they  may  affect  performance.  We  would  re¬ 
commend  that  further  studies  be  carried  out  to  resolve  these  questions,  particularly 
since  ve  have  observed  some  modest  improvement  in  the  capacity  with  hydrolyzed/ 
refluxed  electrolyte. 

Belov  is  a  brief  outline  of  the  tasks  suggested  by  the  results  of  this  effort: 

1.  Determine  by  difference  in  weight  what  the  maximum  solubility  in  1M  AlCla/ 

SOCla,  refluxed  until  "dry",  is  for  each  of  the  following: 

a.  CHaSOaClLi 

b.  CHaCICOOLi 
C.  CFaCOOLi 
d.  CFaSOaLi 

In  each  case,  the  salts  should  be  dried  at  150°C.  for  a  minimum  of  16  hours, 
and  tested  immediately  after  drying.  Repeat  for  2M  A1C13/  SOCla. 

2.  For  each  of  the  saturated  solutions  from  (1),  treat  vith  an  excess  of  lithium 
chloride.  Using  infrared  spectroscopy  vith  a  0.1  mm  pathlength  cell,  determine 
vhether  the  absorption  maxima  change  in  intensity  vith  time  during  storage  at 
ambient  temperature  over  a  period  of  two  months. 

3.  Determine  the  startup  and  capacity  to  3  and  to  2  volts  for  AA  annular  bobbin 
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cells  discharged  at  3  mA/cin1  of  anode  surface  area,  using  each  of  the  satu¬ 
rated  solutions  from  (2)  containing  1  M  aluminum.  Repeat  for  electrolytes  con¬ 
taining  5%  and  1%  substituted  aluminate,  the  balance  up  to  1  M  aluminum  made  up 
by  LiAlCl*.  If  the  capacities  and/  or  startup  characteristics  are  better  than 
those  of  control  cells  (1  H  LiAlCl)*,  repeat  the  tests  at  reduced  temperature 
and  after  storage  at  elevated  temperature. 
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FIGURES 

Ems. 

FIGURE  1.  INFRARED  SPECTRUM  OF  CA ( ALCL4 )a*6S0a  AFTER  TREATMENT  WITH  A 
SOLUTION  OF  SOj  IN  SOj  EQUIVALENT  TO  4  MOLE  PERCENT  OF  THE  ALU- 
MINUH  PRESENT  FOLLOWED  BY  AN  OVERNIGHT  STAND.  PATHLENGTH,  10  HM, 

IN  A  TYPE  I  QUARTZ  CELL  VERSUS  AN  EMPTY  QUARTZ  CELL.  D-12 

FIGURE  2.  OPEN  CIRCUIT  POTENTIAL  AND  STARTUP  PROFILES  FOR  CELL  33-30- 
1.  100  OHM  AND  1.5  OHH  LOADS.  COPY  OF  RECORDER  TRACE.  ONE  VOLT/ 

INCH;  5  HIN./  CM.  D_14 

FIGURE  3.  DISCHARGE  PROFILE  OF  CELL  33-30-1,  FIRST  AT  1  HA/CM*,  THEN 
AT  0.5  MA/CM2 .  ORGANIC  ELECTROLYTE  CONTAINING  CALCIUM  BROMIDE, 

ACETONITRILE,  AND  PROPYLENE  CARBONATE;  ROLLED  CATHODE,  25/  75 
KETJENBLACK/  ACETYLENE  BLACK.  D_!6 

FIGURE  4.  DISCHARGE  PROFILE  OF  CELL  33-30-3  AT  1  MA/CM2 .  INORGANIC 
ELECTROLYTE  CONSISTING  OF  CA(ALCL< )a*6SOa;  ROLLED-CATHODE,  25/ 

75  KETJENBLACK/  ACETYLENE  BLACK.  7'  D-17 

FIGURE  5.  DISCHARGE  PROFILE  OF  CELL  33-30-4  AT  1  MA/CM2.  INORGANIC 
ELECTROLYTE ‘CONSISTING  OF  CA{ALCL4)a*6SOa.  ACETYLENE  BLACK  ONLY, 

ROLLED  CATHODE.  n_1R 


FIGURE  6.  OPEN  CIRCUIT  POTENTIAL  AND  STARTUP  PROFILES  FOR  CELL  26- 
91-1  AT  1  KOHM,  100  OHM,  AND  1.5  OHH  LOADS.  COPY  OF  RECORDER 
TRACE.  ONE  VOLT/  INCH;  5  HIN./  CM.  D-19 

FIGURE  7.  DISCHARGE  PROFILE  FOR  CELL  26-91-1.  0.85M  CABRa/  8.0M  S02/ 

PROPYLENE  CARBONATE:  ACETONITRILE  =  3:10  BY  VOLUHE.  ROLLED 

CATHODE,  ACETYLENE  BLACA  ONLY,  295  MA.  D-20 

FIGURE  8.  DISCHARGE  PROFILE  FOR  CELL  26-96-1.  0.85M  CABRa/  8.0M  SOz/ 

PROPYLENE  CARBONATE:  ACETONITRILE  =  3:10  BY  VOLUME.  PRESSED 

CATHODE,  ACETYLENE  BLACK  ONLY,  295  HA.  D-21 

FIGURE  9.  DISCHARGE  PROFILE  FOR  CELL  26-96-2.  0.85M  CABRa/  8.0M  S02/ 

PROPYLENE  CARBONATE:  ACETONITRILE  =  3:10  BY  VOLUME.  PRESSED 

CATHODE,  ACETYLENE  BLACK  ONLY,  295  MA  (1  MA/CM2).  D-22 

FIGURE  10.  OPEN  CIRCUIT  POTENTIAL  AND  STARTUP  PROFILES  FOR  CELLS  37- 
4-1  AND  37-4-2  AT  A  1.5  OHM  LOAD.  COPY  OF  RECORDER  TRACE.  ONE 
*  VOLT/  INCH;  5  MIN./  CM.  D-23 

FIGURE  11  DISCHARGE  PROFILE  OF  CELL  37-4-1  AT  1  HA/CM2.  INORGANIC 
ELE<,  XOLYTE  CONSISTING  OF  CA(ALCL«)a*6S02.  ROLLED  CATHODE, 

NICKLb  SCREEN.  25/  75  KETJENBLACK/  ACETYLENE  BLACK.  D-24 

FIGURE  12.  DISCHARGE  PROFILE  OF  CELL  37-4-2  AT  1  MA/CM2.  INORGANIC 
ELECTROLYTE  CONSISTING  OF  CA(ALCL«)a*6SOa.  ROLLED  CATHODE, 

NICKEL  SCREEN.  25/  75  KETJENBLACK/  ACETYLENE  BLACK.  D-25 
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FIGURE  13.  DISCHARGE  PROFILE  FOR  CELL  37-4-4.  0.85M  CABRa/  8.0M  SOa/ 

PROPYLENE  CARBONATE:  ACETONITRILE  =  3:10  BY  VOLUME.  ROLLED 
CATHODE,  1  MA/CMS .  25/  75  KETJENBLACK/  ACETYLENE  BLACK. 

FIGURE  14.  DISCHARGE  PROFILE  FOR  CELL  37-4-5.  0.85M  CABRa/  8. OH  SO,/ 

PROPYLENE  CARBONATE:  ACETONITRILE  =  3:10  BY  VOLUHE.  ROLLED 
CATHODE,  1  HA/CM*.  25/  75  KETJENBLACK/  ACETYLENE  BLACK. 

FIGURE  15.  DISCHARGE  PROFILE  OF  CELL  37-11-1  AT  1  KA/CMa .  INORGANIC 
ELECTROLYTE  CONSISTING  OF  CAtALCLOa^SOa .  ROLLED  CATHODE, 
NICKEL  SCREEN.  50/  50  KETJENBLACK/  ACETYLENE  BLACK;  BOTH  CARBONS 
SASHED  WITH  ACETONE,  THEN  WATER  BEFORE  CATHODE  PREPARATION. 

FIGURE  16.  DISCHARGE  PROFILE  OF  CELL  37-11-2  AT  1  HA/CM*.  INORGANIC 
ELECTROLYTE  CONSISTING  OF  CA{ALCL«)a*6SOa.  ROLLED  CATHODE, 
NICKEL  SCREEN.  50/  50  KETJENBLACK/  ACETYLENE  BLACK;  BOTH  CARBONS 
WASHED  WITH  ACETONE,  THEN  WATER  BEFORE  CATHODE  PREPARATION. 
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CHAPTER  1 
INTRODUCTION' 

Lithium/  thionyl  chloride  cells  have  been  of  particular  interest  to  the  military 
agencies  for  a  vide  range  of  electronic  devices  because  of  their  high  energy  and 
pover  density.  However,  if  heating  from  external  or  internal  sources  causes  the 
temperature  of  part  or  all  of  the  anode  to  rise  to  the  melting  point  of  lithium  at 
180°C./  the  lithium  chloride  layer  on  the  surface  of  the  metal  protecting  it  from 
the  electrolyte  will  be  breached,  and  the  cell  can  be  subject  to  rapid  redox  reac¬ 
tions  leading  to  explosion  and  fire.  Internal  heating  can  occur  generally  as  the 
result  of  a  short  circuit,  or  over  a  concentrated  area  because  of  rapid  chemical 
reactions  tl). 

Calcium/  thionyl  chloride  and  calcium/  sulfuryl  chloride  cells  have  promised  greater 
safety,  principally  because  the  melting  point  of  calcium,  at  838°C.,  is  so  much 
higher  than  that  of  lithium.  For  lithium  anodes,  the  ionically  conductive,  nearly 
insoluble  lithium  chloride  film  on  the  surface  of  the  metal  is  exclusively  permeable 
to  lithium  ions.  For  calcium  anodes,  the  calcium  chloride  salt  film  is  permeable  al¬ 
most  exclusively  to  chloride  ions,  vhich  has  been  blamed  for  both  the  observed  high 
overpotential  during  discharge  and  significant  calcium  corrosion  (2).  As  a  result, 
calcium/  thionyl  chloride  cells  have  about  the  same  energy  density  as  lithium/  sul¬ 
fur  dioxide  cells,  when  they  should  have  nearly  the  same  as  lithium/  thionyl  chlor¬ 
ide  cells  (3). 

We  had  discovered  that  the  reduction  of  sulfur  dioxide  in  the  presence  of  dissolved 
calcium  bromide  vith  acetonitrile  and  propylene  carbonate  produced  not  dithionite, 
as  'is  the  case  in  the  similar  lithium/  sulfur  dioxide  primary  system,  but  sulfide. 
Electrical  conduction  in  solid  calcium  sulfide  occurs  exclusively  through  cation 
transport  (4).  If  calcium  sulfide  vere  the  predominant  species  in  the  solid  electro¬ 
lyte  interphase  on  the  calcium  anodes,  the  possibility  existed  that  calcium  anodes 
would  discharge  without  the  significant  overpotential  or  corrosion  vhich  had  been 
observed  in  the  calcium/  thionyl  chloride  cells. 

In  addition,  the  reduction  of  sulfur  dioxide  to  sulfide  signifies  that  the  discharge 
realizes  at  least  two  equivalents  of  charge  per  mole  of  sulfur  dioxide: 

3Ca  +  3S02  — >  CaS  +  2CaS03  'la) 

2Ca  +  2S0a  — >  CaS  +  CaSCU  (lb) 

The  identities  of  the  other  products  vere  not  knovn.  The  formation  of  other  reduced 
products  such  as  sulfur,  thiosulfate,  or  trithionate  would  yield  more  than  two  e- 
guivalents  per  mole  of  sulfur  dioxide.  The  theoretical  energy  densities  of  the 
calcium/  sulfur  dioxide  system  vere  compared  vith  those  of  other  relevant  systems: 


Number  of  equiv¬ 

Assumed 

Whr 

Whr 

alents  per  mole 

average 

/ 

/ 

CouDle 

of  cathode 

Dotential  (V) 

cm3 

Kq 

Ca/S03 

2 

2.80 

2.07 

1,440 

Li/SOa 

1 

2.85 

1.28 

1,076 

Li/SOCla 

2 

3.30 

1.81 

1,332 

Ca/SOCla 

2 

2.80 

1.54 

944 
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Our  overall  objective  vas  to  determine  whether  the  acetonitrile/  propylene'  carbonate 
or  other  nonaqueous  system  containing  sulfur  dioxide  with  a  calcium  salt  and  a  cal¬ 
cium  metal  anode  could  provide  a  superior  power  source  combining  the  performance  and 
storage  capability  of  lithium  cells  with  the  safety  of  the  calcium  cells.  f?e  were 
particularly  interested  in  inorganic  electrolytes  such  as  Ca(AlCl4)2*6S02,  because 
of  the  higher  conductivity,  lover  cost,  and  nonflammability  of  the  mixture.  If  we 
were  able  to  obtain  adequate  performance  using  wound  D  size  prototype  cells  contain¬ 
ing  a  number  of  different  carbon  cathodes,  ve  intended  to  extend  the  testing,  vary¬ 
ing  the  current  density  and  the  discharge  temperature  to  characterize  the  system 
more  fully,  and  to  measure  the  extent  of  calcium  corrosion  during  discharge  and 
storage . 
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CHAPTER  2 
EXPERIMENTAL 

The  dryroom,  measuring  about  36  feet  square,  vas  maintained  at  70°F.  at  a  relative 
humidity  of  about  2.5%.  Salts  vere  weighed,  solvents  fractionally  distilled,  solu¬ 
tions  prepared,  and  infrared  samples  taken  in  the  hood  inside  the  dryroom.  In  ad¬ 
dition,  the  wound  D  size,  case  negative  cells  vere  made  in  the  dryroom. 

Standard  laboratory  glassware  vas  used  fractionally  to  distil  solvents  and  prepare 
calcium  salts.  .  A  0.6  cu.  ft.  vacuum  oven  capable  of  heating  samples  to  200°C.,  lo¬ 
cated  in  the  laboratory,  vas  used  to  dry  calcium  chloride  and  bromide.  To  unload  the 
oven,  it  vas  disconnected  and  moved  to  the  dryroom  hood,  backfilled,  opened,  and 
unloaded  vhile  hot.  A  Pyrex  subliaator  with  a  7"  diameter  inner  condensing  cylinder 
vas  used  in  the  dryroom  hood  to  purify  the  aluminum  chloride.  Halide  analysis  vas 
carried  out  using  a  Sartorius  analytical  balance  in  the  dryroom.  Potentiometric  ti¬ 
trations  vere  performed  vith  a  silver/  silver  iodide  reference  electrode  against  a 
similar  vorking  electrode. 

Infrared  spectra  vere  taken  using  either  a  Perkin  Elmer  model  137  or  257  spectropho¬ 
tometer.  Measurements  of  hydrolysis  products  in  sulfur  dioxide  solution  vere  done  in 
a  10mm  pathlength  type  I  quartz  cuvette  vith  a  Teflon  stopper  versus  an  identical 
empty  cuvette.  Spectra  of  organic  solvents  from  2.5  to  15  microns  vere  taken  vith  a 
demountable  liquid  sample  cell  vith  a  0,1  mm  spacer  and  sodium  chloride  vindovs. 

A  press  and  a  rolling  mill,  located  in  the  dryroom,  vere  used  to  prepare  calcium 
foil  from  cut  billets.  A  Pyrex  furnace  tube  3"  in  diameter  x  48"  long,  vith  a  glass 
flange  on  one  end  and  sealed  at  the  other,  vas  used  to  anneal  the  calcium  foil.  The 
tube  had  a  removable  Pyrex  cap  vith  a  matching  flange  and  a  Pyrex/  Teflon  needle 
valve  through  vhich  the  furnace  tube  could  be  evacuated.  The  flanges  vere  sealed 
vith  an  0  ring  and  held  by  aluminum  collars  bolted  together.  The  loaded  furnace  tube 
vas  carried  to  the  laboratory,  placed  in  the  tube  furnace,  and  evacuated  vith  a  pump 
placed  near  the  furnace. 

The  cells  vere  filled  to  capacity  using  a  frame  vhich  held  the  Savillex  vessel,  a 
Hamilton  gas  tight  syringe  to  measure  electrolyte  volume,  a  Hamilton  four-vay  Teflon 
valve,  and  Teflon  connectors  and  tubing.  The  cells  vere  discharged  at  constant  cur¬ 
rent  using  pover  supplies  built  by  Starbuck  Systems  of  Nevton  and  controlled  by  an 
IBM  compatible  computer  vith  a  Starbuck  interface  board  and  protecting  circuitry. 
The  discharge  and  plotting  programs  vere  written  by  Software  Tailors,  Inc. 

We  obtained  acetonitrile  and  propylene  carbonate  from  Aldrich  Chemical.  Calcium  bro¬ 
mide  vas  synthesized  from  Fisher  chelometric  grade  calcium  carbonate  and  Fisher  rea¬ 
gent  grade  hydrobromic  acid  in  aqueous  suspension.  After  the  addition  of  a  slight 
excess  of  acid,  the  water  vas  removed  by  vacuum  distillation  and  heating  in  vacuo  - 
overnight  at  200°C.  Potentiometric  titration  vith  standard  silver  nitrate  shoved 
that  the  salt  had  been  thoroughly  dried.  The  acetonitrile  vas  fractionally  distilled 
at  atmospheric  pressure  and  the  propylene  carbonate  vacuum  distilled  until  the  in¬ 
frared  absorption  near  3600  cm(-l)  in  each  case  vas  reduced  to  a  minimum. 

We  developed  a  method  for  the  purification  of  aluminum  chloride  by  distillation  from 
melted  lithium  or  sodium  tetrachloroaluminate  in  the  presence  of  calcium  foil  cut¬ 
tings  at  atmospheric  pressure.  The  method  delivers  product  rapidly,  removes  all  or- 
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ganic  impurities  and  iron,  and  provides  a  completely  white  crystalline  product  vith 
low  surface  area. 

Calcium  metal  in  the  form  of  1  pound  "coupons”  was  received  from  Pfizer.  The  coupons 
were  cut  from  a  "crown"  of  redistilled  metal,  which  was  said  to  be  better  than  99. 5\ 
pure,  vith  less  than  1,000  ppm  magnesium  and  50  ppm  iron.  Each  measured  about  12.5" 
by  2.5"  by  0.5".  Each  was  cut  into  25  billets  2.5"  x  0.5"  x  0.5",  pressed  and  rolled 
in  mineral  oil  to  approximate  dimensions  of  14"  x  2"  x  0.020",  then  cut  to  1  7/8" 
vide  up  to  about  12-13"  long  to  remove  uneaven  ends.  The  foil  was  kept  under  mineral 
oil  in  the  dryroom  until  it  was  needed  for  cells.  Ten  calcium  strips,  14"  by  2", 
could  be  placed  in  the  furnace  tube  at  once.  These  were  cleaned  in  hexane,  separated 
from  each  other  by  pieces  of  stainless  steel  foil,  and  heated  in  vacuo  at  400°C.  for 
1  hour.  The  furnace  tube  was  brought  back  to  the  dryroom,  allowed  to  cool, 
backfilled  vith  dryroom  air,  and  opened. 

The  resulting  foil  strips  were  completely  softened,  but  the  mineral  oil  had  not  been 
entirely  removed  during  the  hexane  washing  before  the  first  try.  The  calcium  surface 
had  been  darkened.  Before  the  calcium  was  used  to  make  cells,  it  vas  wire  brushed  to 
remove  all  tarnish,  cut  to  the  desired  vidth  (about  1  .7/«"),  spliced  if  necessary, 
and  cut  to  the  desired  length.  Tests  shoved  that  annealing  the  calcium  in  the  pre¬ 
sence  of  small  amounts  of  oil  lowered  the  open  circuit  potential  of  organic  electro¬ 
lyte  cells,  but  did  not  significantly  affect  the  performance  of  any  cells.  Heating 
in  vacuo  completely  removed  the  mineral  oil,  vhich  then  condensed  on  cooler  parts  of 
the  tube. 

He  prepared  100  ml  batches  of  a  sulfur  dioxide/calcium  bromide  electrolyte  vith  the 
purified  materials,  using  the  following  composition: 

8.0  M  S02 

0.85  M  CaBr 2 

propylene  carbonate/  acetonitrile  = 

3/  10  by  volume 

The  calcium  bromide  and  solvents  were  added  to  a  100  ml.  Savillex  vessel,  and  ligui- 
fied  sulfur  dioxide  just  below  its  boiling  point  vas  carefully  poured  into  the  ves¬ 
sel.  The  cap  on  the  vessel  vas  tightened  and  the  mixture  alloved  to  warm  back  to 
ambient  temperature.  While  the  calcium  bromide  dissolved  completely,  releasing  the 
pressure  by  opening  a  valve  at  the  top  of  the  vessel  caused  the  solution  to  boil.  An 
electrolyte  made  vith  1.7  molar  lithium  bromide  in  place  of  the  calcium  bromide  had 
been  observed  to  have  a  boiling  point  near  room  temperature. 

Inorganic  electrolyte  of  the  stoichiometric  composition  CaCl2*2AlCl3*6S02  vas  pre¬ 
pared  in  a  100  ml  Savillex  Teflon  vessel,  using  distilled  aluminum  chloride,  reagent 
grade  calcium  chloride  dried  overnight  at  200°C.  in  vacuo,  and  reagent  grade  Mathe- 
son  sulfur  dioxide,  added  to  the  Savillex  vessel  as  a  vapor  at  atmospheric  pressure, 
monitored  vith  a  bubbler  to  avoid  adding  the  gas  faster  than  it  could  be  absorbed. 
When  the  salt  mixture  no  longer  rapidly  absorbed  the  gas,  the  mixture  vas  alloved  to 
cool  back  to  room  temperature,  and  the  remainder  of  the  sulfur  dioxide  vas  added  as 
a  liguid,  having  been  prepared  by  condensing  the  gas  from  the  main  tank  at  reduced 
temperature  and  atmospheric  pressure. 

All  cells  had  the  following  characteristics: 
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Case: 

stainless  steel;  TIG  welded  cover 
glass/  metal  compression  electrical 
feedthrough/  fill  tube,  TIG  welded 
after  filling 

D  size,  wound  electrodes,  case  negative 
Anodes: 

width,  1  7/e" 
thickness,  0.020" 

Cathodes: 

width,  1  7/a" 
binder:  10%  Teflon 
Separators: 

Craneglass  nonwoven  Pyrex  fabric,  0.005"  to 
0.007"  thick 

The  length,  thickness,  and  composition  of  the  cathode  were  varied,  and  the  length  of 
the  calcium  anode  varied  accordingly.  The  carbon  material  was  either  100%  Chevron 
acetylene  black,  or  75%  acetylene  black  with  25%  Ketjenblack,  recommended  by  Walker 
et  al.  as  more  effective  in  calcium/  thionyl  chloride  cells  than  acetylene  black 
alone  [5].  Cells  with  "rolled"  cathodes  were  prepared  by  spreading  a  thick  mixture 
of  carbon  and  Teflon  in  an  isopropanol/  water  mixture  on  the  cathode  support,  a  12" 
x  14"  aluminum  or  nickel  screen,  using  a  dough  sheeter.  Cells  with  "pressed" 
cathodes  were  made  by  first  preparing  the  mix,  curing  it  separately,  chopping  it  in 
a  blender,  spreading  a  weighed  amount  of  mixture  evenly  and  one  side  at  a  time,  and 
finally  pressing  it  with  the  dough  sheeter  roller  onto  the  screen  using  a  thin  die 
with  a  360  mm  x  47  mm  cavity. 

The  cells  were  filled  to  capacity  with  electrolyte,  which  amounted  to  about  25  ml. 
At  two  electrical  equivalents  per  mole  of  sulfur  dioxide,  the  8M  S03  in  the  organic 
electrolyte  represented  10.7  amp  hours,  and  in  the  inorganic  electrolyte  Ca(AlCl«)a 
*6S03,  17.6  amp  hours. 

Infrared  spectra  were  used  to  estimate  when  fractionation  of  the  solvents  had  suc- 
ceded  in  removing  water,  and  to  detect  the  presence  of  hydrolysis  products  in  Ca- 
(A1C1«)2*6S03.  A  chart  recorder  plotted  the  cell  terminal  potentials  as  a  function 
of  time  during  cell  startup.  The  computer  was  used  to  record  cell  potentials  as  a 
function  of  time  during  constant  current  discharge  at  ambient  temperature,  to  a 
cutoff  near  0.65  volts.  Data  presented  include  copies  of  infrared  charts,  recorder 
traces,  discharge  profiles,  and  a  table  of  cell  parameters  and  capacities. 
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CHAPTER  3 

RESULTS  AND  DISCUSSION 

The  infrared  spectrum  of  Ca(AlCl4)2*6S02  prepared  as  described  above  absorbed 
strongly  between  3100  and  3500  cm-1  in  a  10  mm  pathlength  type  I  quartz  cuvette,  the 
spectrum  taken  versus  an  empty  cuvette.  We  attempted  to  "dry"  this  mixture  by  adding 
sulfur  trioxide,  distilled  from  reagent  grade  oleum,  but  addition  of  the  pure  SOs  to 
the  mixture  caused  a  precipitate  which  stirring  would  not  dissolve.  We  tried  again 
with  SO3  dissolved  in  S02  and  were  successful  in  adding  about  1.5g  of  SOs,  an  amout 
equivalent  to  about  4  mole  percent  of  the  aluminum  chloride  originally  added,  with¬ 
out  causing  precipitation.  However,  no  crystalline  product  separated  on  standing, 
and  as  shown  in  Figure  1,  the  solution  still  absorbed  strongly  between  3100  and  3500 
cm-1. 

We  then  attempted  to  "dry"  a  mixture  of  distilled  aluminum  chloride  (as  opposed  to 
Ca(AlCl4)2)  and  sulfur  dioxide  in  the  molar  ratio  A1  :  S  =  1  to  3  by  adding  sulfur 
trioxide,  similar  to  the  procedure  which  had  worked  for  drying  electrolyte  solutions 
in  thionyl  chloride  (compare  Contract  K-609 21-8 8 -C-0057 We  found  not  only  that  a  1 
to  3  mixture  of  A1C13  to  S02  was  highly  viscous  at  room  temperature,  it  foamed  when 
the  pressure  was  released  at  ambient  temperature  by  opening  the  valve  in  the  Teflon 
vessel.  The  electrolyte  solution  used  to  fill  cells  33-30-3  and  33-30-4  was  there¬ 
fore  the  one  which  had  been  treated  with  sulfur  trioxide  after  the  addition  of  both 
the  aluminum  chloride  and  the  calcium  chloride  to  the  sulfur  dioxide. 

Two  separate  attempts  were  then  made  to  "dry"  Ca(AlCl«)2*6S02,  by  melting  calcium 
tetrachloroaluminate  in  the  presence  of  calcium  metal.  Calcium  had  been  found  effec¬ 
tive  in  removing  iron  from  molten  LiAlCWAlCls  during  the  purification  of  aluminum 
chloride  by  distillation.  Since  the  calculated  free  energy  change  for  the  reduction 
of  aluminum  chloride  by  calcium  is  negative,  the  calcium  likely  formed  finely  di¬ 
vided  aluminum,  which  without  any  oxide  layer  was  able  to  reduce  the  iron  in  the 
melt.  We  had  hoped  that  the  aluminum  would  reduce  the  hydrolysis  products  and  main¬ 
tain  a  chemically  active  surface  in  the  molten  calcium  tetrachloroaluminate.  We  mel¬ 
ted  the  calcium  chloride  with  a  stoichiometric  amount  of  purified  aluminum  chloride, 
added  calcium  chips,  and  stirred  for  about  an  hour.  The  molten  salt  mixture  was  then 
cast  into  a  clean  stainless  steel  pan,  broken  into  fragments,  added  to  a  100  ml  Sa- 
villex  Teflon  vessel,  and  dissolved  in  the  appropriate  amount  of  liquid  sulfur  di¬ 
oxide.  Infrared  spectra  of  the  solutions  shoved  them  still  to  contain  hydrolysis 
products,  and  to  be  qualitatively  the  same  as  Ca(ilCl4)2*6S02  which  had  been  treated 
vith  SO3  dissolved  in  S02.  Cells  37-4-4  and  37-4-5  were  filled  with  Ca(AlCl4)2  *6SO* 
prepared  by  melting  the  salt  in  the  presence  of  calcium  foil  cuttings. 

Table.  1  summarizes  the  results  of  the  discharge  tests,  shoving  anode  lengths  and 
capacities;  cathode  lengths,  thicknesses,  loadings,  and  type  of  screen;  the  elec¬ 
trolyte;  current  density,  capacity  in  amp  hours  to  0.65  volts;  and  the  figures  cor¬ 
responding  to  each  cell. 

The  open  circuit  potentials  of  33-30-1  and  33-30-2,  its  duplicate  cell,  were  con¬ 
siderably  lover  than  expected,  each  measuring  about  1.95  volts.  When  briefly  loaded 
vith  100  ohm  resistors,  cell  33-30-1  dropped  to  about  1.1  volts,  then  recovered  to 
1.9  volts  during  a  seven  minute  interval.  On  returning  to  open  circuit,  the  poten¬ 
tial  rose  to  about  2.2  volts,  then  began  falling  off  to  the  original  1.9  volts  again 
(Figure  2).  This  behavior  is  similar  to  that  observed  in  calcium/  thionyl  chloride 
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FIGURE  1.  .INFRARED  SPECTRUK  OF  CA{ALCL4)a*6S0a  AFTER  TREATMENT  WITH  A  SOLUTION  OF 
S03  IN  SOa  EQUIVALENT  TO  4  MOLE  PERCENT  OF  THE  ALUMINUM  PRESENT 
FOLLOWED  BY  AN  OVERNIGHT  STAND.  PATHLENGTH,  10  MM,  IN  A  TYPE  I  QUARTZ 
CELL  VERSUS  AN  EMPTY  QUARTZ  CELL. 
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TABLE  1.  CELL  CHARACTERISTICS 

AND  DISCHARGE  CAPACITIES 
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FIGURE  2.  Cycle  profile,  cell  #37-53-3,  first  four  cycles 
separator:  Craneglass 
pos.  screen/contact:  Al/Ni 
electrolyte :  2M  NH^SCN  /  0.25M  LiSCN 
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cells,  and  has  been -explained  as  the  result  of  anionic  conduction  in  the  solid  elec¬ 
trolyte  interphase.  The  lov  open  circuit  and  running  potentials  were  originally 
thought  to  have  resulted  from  mineral  oil  which  was  inadvertently  left  on  the  rolled 
foil  before  annealing,  but  as  discussed  below,  cells  made  from  carefully  cleaned 
foil  behaved  in  a  similar  fashion.  Cell  33-30-2  would  not  function,  evidently  be¬ 
cause  an  internal  tab  became  disconnected. 


Cell  33-30-1  was  placed  on  the  computer  at  a  constant  current  discharge  of  1  mA/cm2, 
where  it  ran  for  only  about  five  hours  between  1  and  0.75  volts.  It  was  then  re¬ 
started  at  0.5  mA/cm2,  but  ran  for  only  about  two  hours,  giving  a  total  capacity  of 
about  1.75  amp  hours  (Figure  3). 

The  discharge  profiles  for  cells  33-30-3  and  33-30-4  are  shown  in  Figures  4  and  5, 
respectively.  Each  cell  was  discharged  at  a  constant  current  equivalent  to  about  1 
mA/cm2  of  common  electrode  surface  area.  The  potential  drop  in  the  leads  from  the 
computer  to  the  cells  amounted  to  about  80  mV.  The  cells  therefore  ran  above  two 
volts,  but  only  just  barely.  Cell  33-30-3  gave  a  total  capacity  of  1.24  Ah,  and 
33-30-4,  1.06  Ah. 

»  «* 

The  cathodes  of  cells  26-91-1,  26-96-1,  and  26-96-2  contained  100%  Chevron  acetylene 
black/  10%  Teflon  on  aluminum  screens.  The  cathode  of  cell  26-91-1  was  prepared  by 
rolling  a  slurry  of  the  cathode  mixture  in  water/  isopropanol  onto  the  screen.  For 
cells  26-96-1  and  26-96-2,  the  cathode  mixture  was  made  and  cured  separately,  then 
chopped  in  a  blender  and  pressed  on  the  aluminum  screens,  using  a  thin  die  with  a 
360  mm  x  47  mm  cavity  and  a  mechanical  roller.  Cells  26-91-1,  26-96-1,  and  26-96-2 
contained  the  organic  electrolyte  0.85M  CaBr2/  8. 0M  S02/  propylene  carbonate: 
acetonitrile  =  3/10  by  volume  (Figures  6  through  9). 

The  capacities  and  running  potentials  of  cells  26-91-1,  26-  96-1,  and  26-96-2  vere 
dissapointingly  lov.  Lithium/  sulfur  dioxide  primary  cells  typically  realize  be¬ 
tween  7  and  9  amp  hours.  At  3.9  grams  of  cathode  material,  the  capacity  of  these 
calcium  cells  represents  only  about  0.46  amp  hours  per  gram.  While  the  open  cir¬ 
cuit  potential  vas  improved,  the  capacity  was  not  dramatically  affected  by  the 
absence  of  mineral  oil  during  the  annealing  of  calcium  foil  anodes,  nor  by  whether 
the  cathodes  had  been  pressed  or  rolled. 


A  new  set  of  cells  vas  prepared  with  thinner,  longer  cathodes  using  stronger,  nickel 
screens.  Cells  37-4-1,  -2,  -4,  and  -5  contained  17"  cathodes,  only  20  mils  thick. 
The  carbon  vas  25%  Ketjenblack/  75%  acetylene  black,  washed  with  acetone  as  recom¬ 
mended  by  Walker  et  al.  (5],  and  the  loading  considerably  lover  at  2.57  grams  of 
cathode  mixture  per  cell.  The  spliced  anodes  vere  still  20  mils  thick  as  veil,  and 
at  175/4"  long,  vere  in  great  excess  at  23  amp  hours  of  calcium. 


Cells  37-4-1  and  37-4-2,  duplicates  vith  inorganic  electrolyte,  vere  started  on  the 
recorder,  the  first  at  1  Kohm  and  at  1.5  ohm,  the  second  at  1.5  ohm.  As  shown  in 
Figure  10,  brief  discharge  caused  the  open  circuit  potentials  to  increase,  as  vas 
previously  observed  for  cell  33-30-1  containing  the  organic  electrolyte.  Cells  37- 
4-1  and  37-4-2  vere  each  able  to  sustain  a  current  of  about  1.4  amps  at  2.1  volts 
for  1  minute.  The  discharge  profiles  for  the  four  cells  are  shovn  in  Figures  11 
through  14,  respectively.  While  the  total  current  vas  increased  about  45%  to  398  mA, 
the  current  density  vas  maintained  at  i  aA/cm=.  The  capacities  to  cutoff  for  the 
inorganic  electrolyte  cells  vere  the  highest  yet  recorded  for  any  cells  during  this 
project,  but  for  the  organic  electrolyte  cells,  the  lovest.  Again,  the  inorganic 
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FIGURE  3.  DISCHARGE  PROFILE  OF  CELL  33-30-1,  FIRST  AT  1  MA/CM2,  THEN  AT  0.5  MA/CM2 . 
ORGANIC  ELECTROLYTE  CONTAINING  CALCIUM  BROMIDE,  ACETONITRILE,  AND 
PROPYLENE  CARBONATE;  ROLLED  CATHODE,  25/  75  KETJENBLACK/  ACETYLENE  BLACK. 
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FIGURE  4.  DISCHARGE  PROFILE  OF  CELL  33-30-3  AT  1  MA/CM*.  INORGANIC  ELECTROLYTE 
CONSISTING  OF  CA(ALCL«)2*6bOa;  ROLLED  CATHODE,  25/  75  KETJENBLACK/ 
ACETYLENE  BLACK. 
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FIGJRE  5.  DISCHARGE  PROFILE  OF  CELL  33-30-4  AT  1  MA/CM2.  INORGANIC  ELECTROLYTE 
CONSISTING  OF  CA(ALCL« ) 2*6S02 .  ACETYLENE  BLACK  ONLY,  ROLLED  CATHODE. 
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FIGURE  6.  OPEN  CIRCUIT  POTENTIAL  AND  STARTUP  PROFILES  FOR  CELL  26-91-1  AT  1  KOHM 
100  OHM,  AND  1.5  OHM  LOADS.  COPY  OF  RECORDER  TRACE.  ONE  VOLT/  INCH;  5 
MIN./  CM. 
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FIGURE  7.  DISCHARGE  PROFILE  FOR  CELL  26-91-1.  0.85H  CABR*/  8.0M  S02/  PROPYLENE 

CARBONATE:  ACETONITRILE  =  3:10  BY  VOLUME.  ROLLED  CATHODE,  ACETYLENE  BLACK 
ONLY.  295  MA. 
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FIGURE  8.  DISCHARGE  PROFILE  FOR  CELL  26-96-1.  0.85M  CABRa/  8.0M  S02/  PROPYLENE 
CARBONATE:  ACETONITRILE  =  3:10  BY  VOLUME.  PRESSED  CATHODE,  ACETYLENE 
BLACK  ONLY,  295  MA. 
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FIGURE  9.  DISCHARGE  PROFILE  FOR- CELL  26-96-2.  0.85M  CABR2/  8.0M  S02/  PROPYLENE 
CARBONATE:  ACETONITRILE  =  3:10  BY  VOLUME.  PRESSED  CATHODE,  ACETYLENE 
BLACK  ONLY,  295  MA  (1  HA/CM2). 
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FIGURE  11.  DISCHARGE  PROFILE  OF  CELL  37-4-1  AT  1  MA/CM2.  INORGANIC  ELECTROLYTE 
CONSISTING  OF  CA(ALCL4) a*SS02 .  ROLLED  CATHODE,  NICKEL  SCREEN.  25/  75 
KETJENBLACK/  ACETYLENE  BLACK. 
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FIGURE  12.  DISCHARGE  PROFILE  OF  CELL  37-4-2  AT  1  MA/CM2.  INORGANIC  ELECTROLYTE 
CONSISTING  OF  CA{ALCL4 )a*6S02 .  ROLLED  CATHODE,  NICKEL  SCREEN.  25/  75 
KETJENBLACK/  ACETYLENE  BLACK. 
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FIGURE  13.  DISCHARGE  PROFILE  FOR  CELL  37-4-4.  0.85M  CABRa/  8.0M  S02/  PROPYLENE 
CARBONATE:  ACETONITRILE  =  3:10  BY  VOLUME.  ROLLED  CATHODE,  1  MA/CM3. 
75  KETJENBLACK/  ACETYLENE  BLACK. 
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FIGURE  14.  DISCHARGE  PROFILE  FOR  CELL  37-4-5.  0.85M  CABR2/  8.0M  S02/  PROPYLENE 

CARBONATE:  ACETONITRILE  =  3:10  BY  VOLUME.  ROLLED  CATHODE.  1  MA/CM* .  25/ 
75  KETJENBLACK/  ACETYLENE  BLACK. 
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electrolyte  cells  ran  above  tvo  volts  while  the  organic  electrolyte  cells  ran  on  an 
average  of  about  1.3  volts,  shoved  a  protracted  startup  delay,  and  a  sloping  pro¬ 
file.  The  inorganic  electrolyte  cells  ran  steadily  at  about  2.2  volts. 

Cells  37-11-1  and  37-11-2  were  duplicates  run  with  the  inorganic  electrolyte,  but 
the  cathodes  were  50%  Ketjenblack/  50%  acetylene  black/  9%  binder  (Figures  15  and 
16).  Each  carbon  had  been  individually  washed  first  with  acetone,  then  with  water 
before  they  were  fabricated  into  cathodes.  At  1  mA/cma,  these  shoved  the  highest 
capacity  of  all  the  tests  performed.  We  did  notice,  however,  that  the  cells  were 
warm  to  the  touch  during  discharge.  When  cell  137-11-1  was  cut  open,  the  remaining 
part  of  the  calcium  anode  facing  discharged,  that  is,  hard  and  brittle  cathode  ma¬ 
terial,  was  very  brittle,  tore  easily,  and  appeared  to  be  porous  under  the  optical 
microscope.  Calcium  in  the  very  center  of  the  wound  structure,  where  the  cathode  vas 
not  brittle,  had  retained  its  mechanical  strength  and  shiny  appearance. 


D-28 


2.8 


(8310  A)  "IVIlNBlOd 


D-29 
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FIGURE  15.  DISCHARGE  PROFILE  OF  CELL  37-11-1  AT  1  MA/CM*.  INORGANIC  ELECTROLYTE 
CONSISTING  OF  CA(ALCL«) 2*6S0a.  ROLLED  CATHODE,  NICKEL  SCREEN.  50/  50 
KETJENBLACK/  ACETYLENE  BLACK;  BOTH  CARBONS  WASHED  WITH  ACETONE,  THEN 
WATER  BEFORE  CATHODE  PREPARATION.  ' 
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CHAPTER  4 
CONCLUSIONS 

The  most  important  goals  of  this  work  have  been  to  establish  whether  calcium  anode 
primary  cells  in  which  sulfur  dioxide  replaces  thionyl  chloride  as  the  sole  elec¬ 
trolyte  solvent  can  be  made  to  discharge  with  equal  or  superior  energy  density/  and 
whether  a  sulfur  dioxide  based  electrolyte  is  able  to  prevent  the  calcium  from  cor¬ 
roding  during  discharge.  If  the  practical  energy .density  of  Ca/  SOs  cells  is  sub¬ 
stantially  below  that  of  the  competing  Li/  SO2,  Li/  S0C12,  or  the  Ca/  SOCI2  systems, 
or  the  cells  run  at  less  than  two  volts,  then  corrosion  of  the  anode  is  not  an  is¬ 
sue.  The  organic  electrolyte  cells  have  shown  startup  delays  and  have  consistently 
discharged  below  two  volts  with  low  capacities.  Open  circuit  potentials  above  two 
volts  were  observed  only  with  carefully  cleaned  calcium  anodes,  and  partial  dis¬ 
charge  lowered  the  subsequent  open  circuit  potential  below  2  volts. 

While  the  inorganic  electrolyte  cells  we  have  studied  thus  far  have  not  given  ade¬ 
quate  capacities,  cells  with  Ca(AlCl4)2*6S02  delivered  about  2  amp  hours  above  2 
volts.  Thin  electrodes  with  high  surface  area  carbon  appear  to  favor  cells  with  the 
inorganic  electrolyte.  Fresh  cells,  at  least,  started  without  delay  and  ran  at  a 
flat  potential  above  two  volts.  There  may  be,  hovever,  anionic  charge  transport  in 
the  solid  electrolyte  interphase  and  significant  anode  corrosion  during  discharge, 
problems  in  common  with  the  calcium/  thionyl  chloride  system.  We  observed  signifi¬ 
cant  cell  warming  during  discharge,  and  an  anode  from  a  cell  disassembled  immedi¬ 
ately  after  discharge  vas  found  to  be  brittle  and  porous. 

While  we  have  established  the  feasability  of  a  calcium/  sulfur  dioxide  inorganic 
electrolyte  primary  cell,  substantial  improvement  in  the  capacity  will  be  required 
before  the  system  becomes  a  practical  one.  During  Phase  I,  we  studied  cells  only  at 
1  mA/cm*  and  at  ambient  temperature,  attempting  to  obtain  satisfactory  capacity  by 
varying  the  cell  design.  The  discharge  products  formed  on  the  carbon  electrode  in 
the  inorganic  electrolyte  cells  are  not  known,  but  may  resemble  the  product  formed 
during  the  discharge  of  lithium/  sulfur  dioxide  inorganic  electrolyte  rechargeable 
cells  which  also  contain  a  tetrachloroaluminate  in  liquid  sulfur  dioxide  1 6 J .  The 
aluminum  takes  part  with  the  sulfur  dioxide  during  the  discharge  to  produce  a  sulfur 
(III)  complex,  at  one  equivalent  per  mole  of  sulfur  dioxide.  If  the  discharge  reac¬ 
tion  in  the  calcium  cells  realizes  only  one  electrical  equivalent  per  mole  of  sulfur 
dioxide,  then  the  maximum  theoretical  capacity  would  be  only  about  8.8  amp  hours. 

We  should  therefore  attempt  to  improve  the  capacity  by  learning  more  about  the  reac¬ 
tions  which  occur  in  the  cathode  during  discharge  as  well  as  the  corrosion  reaction 
at  the  anode.  This  should  be  done  by  varying  both  the  compositions  of  the  cathode 
and  of  the  electrolyte. 

Below  is  a  brief  outline  of  the  tasks  suggested  by  the  results  of  this  effort. 

1.  Optimize  the  capacity  of  Ca/  S02  cells  containing  Ca(AlCl4)2  *6S02  by  vary¬ 

ing  the  ratio  between  the  Ketjenblack  and  the  acetylene  black  from  10%  to 
100%,  in  10  v/«»  intrervals,  keeping  the  Teflon  content  at  10  v/a. 

2.  Determine  whether  sulfide  is  one  of  the  discharge  products  in  the  calcium/ 

inorganic  electrolyte  cells.  If  the  discharge  instead .produces  an  alumi¬ 
num  complex  similar  to  that  produced  in  the  lithium/  inorganic  electrolyte 
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rechargeable  cells  (6],  determine  whether  the  presence  of  lithium  'ion  will 
increase  the  capacity  of  the  primary  calcium  cells. 

3.  Attempt  to  determine  vhy  the  potential  of  the  calcium/  organic  electrolyte 

cells  during  discharge  is  lover  than  expected,  first  by  building  in  refer¬ 
ence  electrodes  using  cell  tops  on  either  end  of  stainless  steel  tubes  cut 
to  the  length  of  the  D  size  cells.  Determine  vhether  a  lithium-  based  elec¬ 
trolyte  vith  a  calcium  anode  vill  shov  plateaus  in  the  discharge  profiles 
as  tha  lithium  in  the  electrolyte  migrates  to  the  cathode,  or  whether  the 
running  potential  and  the  capacity  may  be  improved. 

4.  If  cells  vith  adeguate  capacity  can  be  built,  .measure  calcium  corrosion  dur¬ 

ing  discharge  and  storage,  by  weighing  anodes  before  cell  assembly,  re¬ 
covering  the  remaining  calcium  from  stored/  discharged  cells,  hydrolysis, 
adding  excess  aqueous  standardized  acid,  and  back  titration  of  the  excess 
acid. 
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eration  with...;  Trans  of...;  Tc  be  published  in... . 
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Statements  on  Technical  Documents." 
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